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Abstract
The Paleoproterozoic Bar River Formation, Huronian Supergroup is a relatively thick quartz
arenite succession exposed near Flack Lake, Ontario, Canada. Eight lithofacies were
distinguished based on grain size and sedimentary structures. Lithofacies associations
resemble vertically stacked tidal channel and subtidal-intertidal shoal deposits, common to
macrotidal shorelines/estuaries. Evidence for tidal influence includes herringbone crossstratification and locally bimodal paleocurrent patterns. Newly identified microbially induced
sedimentary structures combined with desiccation cracks support a shallow marine to
emergent environment. The relationship with the underlying Gordon Lake Formation points
to a transgressive macrotidal system. Petrographic, major and trace element and oxygen
isotope geochemical results indicate a chemically weathered felsic source, in the form of
granite/gneiss, or sedimentary rocks derived from erosion of older granitoids. Zirconium
enrichment and well rounded grains support a multicycle origin. The quartz arenite
developed as a result of the combination of tectonic setting, provenance, chemical
weathering, recycling, depositional processes, and diagenesis.

Keywords
Bar River Formation, Huronian Supergroup, Paleoproterozoic, quartz arenite, provenance,
tectonic setting, chemical weathering, sediment recycling, stable oxygen isotopes, REE
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Chapter 1

1

Introduction

The 900 m thick Bar River Formation is primarily a quartz arenite succession with minor
interstratified siltstone units (Wood, 1973; Card, 1978; Rust and Shields, 1987; Bennett et al.,
1991). Outcrops stretch discontinuously over approximately 220 km, parallel to the northern
shoreline of Lake Huron. The Bar River succession is the youngest formation of the Flack Lake
Group, Huronian Supergroup in Ontario, Canada, deposited between ca. 2.45 and 2.2 Ga (Krogh
et al., 1984; Corfu and Andrews, 1986; Ketchum et al., 2013). The three middle groups, which
are the Hough Lake, Quirke Lake and Cobalt groups, consist of formations that contain lower
diamictite, middle mudstone-siltstone, and upper sandstone. These tripartite divisions have been
attributed to repeated glaciation-deglaciation cycles brought about by global climatic
perturbations (Young, 2013). The end of the second cycle coincides with a rise in oxygen levels
in Earth's atmosphere (Young, 2013, 2014), which has been termed the Great Oxidation Event
(GOE) (Holland, 2006). A great deal of attention has been paid to formations of the Hough Lake,
Quirke Lake and Cobalt groups, but very little work has been conducted on the two formations
of the Flack Lake Group.
Previous studies provide an initial assessment of the depositional environment in which the Bar
River Formation developed, and include shallow marine, and beach deposits subjected to aeolian
processes (Pettijohn, 1970; Wood, 1970, 1973; Card, 1976; Chandler, 1984; Wright and Rust,
1985; Rust and Shields, 1987). Rust and Shields (1987) were the first workers to carry out a
more detailed investigation of the sedimentology, and they concluded that the Bar River
Formation at Flack Lake was deposited in an ebb-dominated tidal channel setting associated with
barrier bars. Their study, however, failed to explain how a transgressive barrier bar system would
not be cannibalized by shoreface erosion. In addition, a combined lithofacies analysisgeochemical approach to studying the Bar River Formation has never been conducted. This
would provide important information regarding the factors controlling the composition of quartz
arenite deposits.
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1.1

Purpose of the study

Extensive growth and stability of continental crust is believed to have taken place during the
Proterozoic eon (Condie and Sloan, 1998). Quartz enrichment of the Paleoproterozoic Bar River
Formation thus may have been accomplished as a result of depositional processes that occurred
along a stable, long-lived shoreline. However, the quartz enrichment could also be a function of
several other factors, which include chemical weathering, recycling, diagenesis, and microbial
action. The lack of land vegetation during the Early Proterozoic would have prevented confined
sedimentation patterns and stabilization of soils, both of which increase sediment residence times
and quartz enrichment. However, Dott (2003) proposed that ancient microbial mats may have
acted to bind soils, thereby increasing exposure time, leading to a decrease in unstable minerals,
such as feldspar. Physical traces of microbial mats have been identified in some Paleoproterozoic
sedimentary successions (e.g. Parizot et al., 2005; Banerjee and Jeevankumar, 2005; Chakrabarti
and Shome, 2010; Eriksson et al., 2012; Simpson et al., 2013), and most of these mat structures
are preserved in shoreline/tidal flat deposits. Prior to this project, evidence for microbial action
had not been identified in the Bar River Formation.
The objectives of this thesis were to: 1) distinguish key lithofacies associations of the Bar River
Formation near Flack Lake, Ontario by conducting a detailed lithofacies analysis. This limited,
but well exposed section provides an excellent opportunity to study the sedimentary structures
and textures of a Paleoproterozoic quartz arenite succession; 2) determine the provenance of the
rocks in the study area by using petrographic, and whole rock major, trace, REE and stable
oxygen isotope geochemical analyses; 3) characterize the paleoenvironmental conditions
operating at the time of source rock weathering, erosion, and deposition of detritus by combining
the sedimentological and compositional results; 4) evaluate the usefulness of geochemical scatter
and ternary plots for Precambrian deposits that have potentially been derived from weathered
source rocks. This study attempts to discern whether one factor was of greater importance than
others in controlling the composition of the Bar River Formation deposits.

1.2

Controls on quartz arenite composition

Quartz arenite forms thick and extensive deposits in Proterozoic and Archean sedimentary
records (Pettijohn et al., 1972; Donaldson and Ojakangas, 1977; Simpson et al., 2012; Corcoran
2

et al., 2013). The presence of quartz arenite in the Archean and Proterozoic has been somewhat
of a mystery, in that such thick deposits do not appear to be forming at the present time
(Chandler, 1988). Quartz-bearing sands are typically derived from the intense chemical
weathering of quartz-bearing rocks, such as granitoids or quartz-rich sedimentary rocks under
tropical conditions (Chandler, 1988; Johnsson et al., 1988, 1991; Corcoran et al., 1998; Dott,
2003; Driese et al., 2007). Such sediments are commonly deposited as immature, first cycle
detritus. Poor sorting, a kaolinitic matrix, angular quartz grains, immature heavy mineral suites
and fining-upward sequences of braided and meandering fluvial styles are commonly cited as
evidence of a fluvial origin for quartz arenite (Chandler, 1988). The Orinoco drainage basin in
South America provides one such example, containing sediments derived from intensely
weathered Precambrian crystalline rocks that have been transported by tributaries carrying pure
white sands (Johnsson et al., 1988, 1991; Dott, 2003). Low relief of the Guyana Shield,
combined with tectonic quiescence and low erosion and transport rates, result in longer residence
times. Long residence times facilitate the breakdown of labile feldspars and lithic fragments from
the Precambrian crystalline rocks that are the source of the Orinoco drainage basin sediments
(Johnsson et al., 1988, 1991).
Multi-cycle quartz arenites are compositionally and texturally mature and are the products of
multiple abrasion cycles, which progressively winnow feldspars and lithic fragments while
preserving only the mechanically and chemically durable quartz and the most stable accessory
minerals (Pettijohn et al., 1972; Johnsson et al., 1988; Dott, 2003). The progressive decrease of
feldspar content with age, the inverse relationship of feldspar content with grain size, and
abraded detrital quartz overgrowths all have been used as proof of multicycling (Pettijohn et al.,
1972; Odom, 1975; Dott, 2003). An example of multicycling is provided by the Paleoproterozic
Lorrain Formation of the Huronian Supergroup, Canada, within which feldspathic sandstone in
the lower part of the formation gives way to quartz arenite in the upper part of the formation
(Card, 1978).
Aeolian quartz arenite can be identified by large-scale cross-bed sets (up to 35 m) in the
sedimentary record (Walker, 1977; Chandler, 1988). Additional criteria for identification of
aeolian deposits include inverse grading of strata produced by wind-ripple migration (Kocurek
and Dott, 1981; Simpson et al., 2012; Eriksson et al., 2013). Rounded aeolian quartz grains are
3

thought to be the products of wind abrasion, and consolidated deposits displaying such features
include the Triassic Navajo sandstone of the USA (Freeman and Visher, 1975), the Makgabeng
Formation, Waterberg Group, South Africa (Simpson et al., 2004; Corcoran et al., 2013) and the
Moodies Group, South Africa (Simpson et al., 2012). Rounding of quartz grains by wind
abrasion has been proposed as a dominant process in arenites older than the Devonian
(Ramaekers, 1981; Dott, 1983). Folk (1978), however, observed that the sands of the Australian
Simpson desert were angular to sub-angular and similar observations were reported by Goudie
and Watson (1981), who examined sand grains from dunes all over the world. The angularity of
these grains has been attributed to sources including quartz-rich bauxitic and lateritic weathering
profiles and immature fluvial sands formed under humid conditions (Chandler, 1988; Dott,
2003).
Quartz arenite that develops in shallow marine environments is typically mature to supermature
and contains well-rounded quartz grains that are the results of repeated tidal reworking (Balazs
and Klein, 1972; Chandler, 1988). These sandstones can be identified by their mineralogical and
textural maturity, great lateral extent, association with marine shales, presence of accessory
glauconite and phosphate, presence of herringbone cross-stratification and reactivation surfaces,
and the absence of deep channeling (Reading, 1978; Chandler, 1988 Eriksson et al., 1998). Such
shallow marine sands are deposited along passive margin settings and form thick and extensive
units of quartz arenite (Soegaard and Eriksson, 1989). Examples of such shallow marine quartz
arenite include those from the Proterozoic Ortega Group in New Mexico, USA (Soegaard and
Eriksson, 1989), the Archean Hospital Hill Supergroup in South Africa (Eriksson et al., 1981),
and the Proterozoic Bessemer Quartzite in Michigan-Wisconsin, USA (Ojakangas and Morey,
1982).
Although quartz arenite is primarily known to form in stable tectonic settings (Dickinson and
Suczek, 1979), its deposition has also been reported from tectonically less stable environments
(Chandler, 1988). Examples include the Cambro-Ordovician flysch of Quebec, Canada (Lajoie et
al., 1974), and the quartzose flysch of the Devonian Shoo Fly Formation of California, USA
(Bond and Devay, 1978). Although sandstones of accretionary prisms are generally expected to
be arkosic or lithic, there are some exceptions, such as the Nias Island accretionary prism of
Indonesia, which contains quartz-rich sandstone derived from sediments transported by the
4

Ganges River (Velbel, 1985). These quartz arenite units are thought to have been deposited as
either trench-fill turbidites or incorporated tectonically into the prism at a later time (Velbel,
1985). Neoarchean quartz arenite of the Keskarrah Formation, Northwest Territories, Canada, is
another example of deposition in an unstable tectonic setting (Corcoran et al., 1998; Corcoran
and Mueller, 2002). The sandstones of the Keskarrah Formation are interpreted as alluvial to
shallow marine deposits. Their association with conglomerates interpreted to represent alluvial
fan or fan delta deposits, the high relief unconformity between the source and the units of the
Keskarrah Formation, the local predominance of boulder-sized clasts, the presence of a basin
bounding fault and rapid lateral and vertical facies changes all indicate high relief and a tectonic
influence on sedimentation (Corcoran et al., 1998; Corcoran and Mueller, 2002). First cycle
quartz arenite and quartz-rich sandstone are not normally expected to form in areas of high relief.
In the case of the Keskarrah Formation, however, intense chemical weathering of a granodioritic
source rock, facilitated by a humid and CO2-rich Archean atmosphere, present a plausible means
for their generation (Corcoran et al., 1998; Corcoran and Mueller, 2002).
Supermature quartz arenite can also be formed by diagenetic destruction of labile fractions such
as feldspar, which results in increased concentration of quartz grains in the detrital fraction
(McBride, 1985, 1986; Bernet et al., 2007). Chemical destruction of more labile minerals occurs
during deep burial of sandstones (Kim et al., 2007). The presence of oversized pores, a kaolinitic
and/or sericitic matrix, and the preservation of feldspar clasts in cements, all point to diagenetic
enhancement of quartz content (McBride, 1985, 1986; Chandler, 1988; Dott, 2003; Maynard and
Sutton, 2005; Kim et al., 2007). Examples of sandstones that display diagenetic enhancement
include the Lower Proterozoic Lorrain Formation (Chandler, 1986) and the fluvial, first cycle
Manitou Falls Formation (Ramaekers et al., 2007), both of which are located in Canada.
Although not a major agent for their creation, diagenesis can serve as a means to enhance the
purity of both first- and multi-cycle sandstones (Dott, 2003).
As is evident from the discussion above, multiple factors are responsible for the production of
quartz arenite in the sedimentary record (Corcoran et al., 1998, Corcoran, 2005). These factors
include: (1) source area composition (Basu, 1976; Mack, 1981), (2) relief (Johnsson et al., 1988;
Johnsson and Stallard, 1989), (3) extent of chemical weathering (Corcoran et al., 1998;
Donaldson and deKemp, 1998), (4) transport and depositional setting (Nesbitt and Young, 1996),
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(5) tectonic setting (Dickinson and Suczek, 1979; Dickinson, 1985), (6) diagenesis (McBride,
1985, 1986), and (7) sediment recycling (Veizer and Jansen, 1985). Distinguishing the major
factors controlling the composition of a quartz arenite can be greatly facilitated by the combined
use of geochemistry, petrography and stratigraphy (Corcoran, 2005).

1.3

Precambrian quartz arenite deposits

Quartz arenite is preserved in rocks as old as >2.5 Ga (Chandler, 1988; Eriksson et al., 1998).
The most fundamental difference between Phanerozoic and Precambrian deposits is the absence
of land vegetation, which renders the use of classic sedimentary models to explain pre-Devonian,
non-marine clastic successions problematic (Chandler, 1988; Eriksson et al., 1998; Dott, 2003;
Long, 2006, 2011; Eriksson et al., 2013). The advent of land vegetation in the Devonian resulted
in the dominance of the meandering fluvial style with the attendant preservation of fine-grained
muddy sequences (Cotter, 1978; Chandler, 1988; Long, 2006, 2011). Prior to this time, the
absence of vegetation would have rendered fine-grained overbank deposits extremely vulnerable
to aeolian and fluvial erosion (Long, 1978b; Eriksson et al., 1995; Eriksson et al., 1998). The
great thickness of Precambrian deltaic systems and associated quartz arenite has been attributed
in part to high rates of sediment discharge and efficient sediment transport, which result from the
lack of continental vegetation and the preferential development of braided fluvial systems
(Eriksson et al., 1998; Long, 2011). Paleo-environmental interpretations of Precambrian
sedimentary deposits is further hindered by a lack of vertebrate and plant fossils, poorly
preserved sedimentary structures and limited lithological and textural variations (Long, 1978b;
Eriksson et al., 1998; Dott, 2003; Eriksson et al., 2013). As such, it is more difficult to
distinguish between Precambrian lacustrine and shallow marine deposits, and to identify deposits
associated with barrier-island systems (Eriksson et al., 1998). Similarly, very few unequivocal
aeolian deposits have been identified prior to 1.8 Ga (Eriksson et al., 1998 and references
therein; Simpson et al., 2004).
The differences between Precambrian and Phanerozoic sedimentary deposits have also been
considered a function of atmospheric composition (Eriksson et al., 1998). The effect of
atmospheric composition on the production of quartz arenite was demonstrated by Donaldson
and deKemp (1998) and Corcoran et al. (1998). Donaldson and deKemp (1998) suggested that
Archean first-cycle quartz arenite in the Superior and Churchill provinces was the product of
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intense chemical weathering brought about primarily by a CO2-rich Archean atmosphere.
Corcoran et al. (1998) similarly demonstrated that first-cycle quartz arenite deposits of the
Archean Keskarrah Formation were enriched in quartz in part due to elevated Archean
temperatures, a CO2-rich atmosphere and humid climatic conditions.
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Chapter 2

2

Geological Setting

The Huronian Supergroup of the Southern Geological Province, Canada (Figure 1.1) is an up to
12 km thick Paleoproterozoic sedimentary succession with local volcanic units at the base of the
stratigraphy (Card et al., 1977; Card, 1978). The Huronian Supergroup unconformably overlies
Archean rocks of the Superior Province to the northwest (Card et al., 1977; Card, 1978; Young et
al., 2001; Rousell and Card, 2009) and is overlain in the south by a Paleozoic succession with a
depositional hiatus of ca. 1.7 b.y. (Corcoran, 2008). The Grenville Province lies to the southeast
of the Southern Geological province and the two are separated by a major northeast trending
structure known as the Grenville Front Tectonic Zone (Card, 1978; Rousell and Card, 2009).

Figure 2.1: Geological sketch map of the Huronian outcrop belt. FLF: Flack Lake Fault,
MFZ: Murray Fault Zone. Modified from Young et al. (2001).
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Various interpretations have been put forth to explain the tectonic setting in which the Huronian
sediments were deposited. Dietz and Holden (1966) suggested that the Huronian rocks were
deposited as a clastic wedge along a southeast facing passive margin. Young (1983) proposed
that the Huronian succession was deposited in an aulacogen associated with a hotspot to the east.
Long and Lloyd (1983) attributed the deposition of the Huronian sediments to an oblique strikeslip, pull-apart basin that evolved into a passive margin during deposition of the upper Huronian
sediments. Later, Young and Nesbitt (1985) suggested that the Huronian basin evolved from a
rift basin to a passive margin, with the rift to drift transition being marked by the onset of
deposition of the Gowganda Formation. This timing of the rift to drift transition has been debated
by Bennett et al. (1991) and Hoffman (2013), who suggest that the entire Huronian succession
was deposited in a passive margin setting. Young (2014), however, states that the sedimentary
units below the Gowganda Formation have limited areal extent, lack indicators of marine
influence, show marked thickness changes of fluvial units across major faults, and contain
tectonism-related deposits, all of which suggest deposition in restricted fault-bound basins. In
contrast, the overlying Gowganda Formation has considerable areal extent. Overlying
widespread, super-mature sandstones of the Lorrain and Bar River formations, combined with
deposits of the tidally-influenced Gordon Lake Formation, indicate deposition in a shallow
marine setting (Chandler, 1986; Rust and Shields, 1986; Young et al., 2001; Young, 2014).
The Huronian Supergroup was deposited between ca. 2.45 and 2.2 Ga (Krogh et al., 1984;
Andrews et al., 1986; Corfu and Andrews, 1986; Ketchum et al., 2013). The upper and lower age
limits were determined using U-Pb geochronology of zircon in rhyolite from the base of the
Huronian Supergroup (Krogh et al., 1984) and primary baddeleyite from the Nippising Diabase
that cuts the Huronian succession (Andrews et al., 1986). Rocks in the study area have been
subjected to greenschist grade metamorphism, but the prefix “meta” is herein omitted for
simplicity.
The Federal-Provincial Committee on Huronian stratigraphy recommended that the Huronian
Supergroup be divided into four groups: the Hough Lake, Elliot Lake, Quirke Lake and Cobalt
Groups from oldest to youngest (Robertson et al., 1969a, 1969b). Wood (1973), however,
suggested that the Cobalt Group should be further divided into two distinct groups, with the
Cobalt Group consisting of the Gowganda and Lorrain formations and the Flack Lake Group
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consisting of the Gordon Lake and Bar River formations (Figure 1.2). Wood’s (1973) argument
is based on the observation that the Lorrain Formation is disconformably overlain by the Gordon
Lake Formation. Wood (1973) verified this from drill core sections, which showed that the
contact between the two formations is sharp and that they are mineralogically, texturally and
sedimentologically different. The Bar River Formation, however, conformably overlies the
Gordon Lake Formation in other localities (Card et al., 1977; Card, 1978; Chandler, 1986;
Bennett et al., 1991).

Figure 2.2: Simplified composite stratigraphic section of the Huronian Supergroup.
Modified from Young et al. (2001) and Young (2014). Age dates from Andrews et al. (1986)
(Nippising Diabase) and Krogh et al. (1984) (Copper Cliff Formation).
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The cyclical nature of the three middle groups of the Huronian succession was first recognized
by Roscoe (1957), and this cyclicity formed the basis for tripartite subdivisions of the Hough
Lake, Quirke Lake and Cobalt groups (Roscoe, 1957; Wood, 1973; Long, 2004, 2009). Each of
the three groups consists of a lower glacial diamictite (poorly sorted, matrix-supported
conglomerate) conformably overlain by a mudstone or siltstone unit and capped by an arkosic or
quartz-rich sandstone (Roscoe, 1957; Wood, 1973; Card et al., 1977; Card, 1978; Young et al.,
2001; Long, 2004, 2009). The tripartite cycles have been attributed to glacio-eustatic control
(Roscoe, 1969; Casshyap, 1969) and tectonic subsidence and uplift (Frarey and Roscoe, 1971;
Eyles, 2008). It is likely that both processes played a part in the cyclicity of the Huronian
succession, but the exact nature of the relationship between the two is unknown (Young et al.,
2001).
The basal diamictites are associated with argillaceous units containing dropstones, which are
interpreted to be glaciogenic (Young et al., 2001). Explanations put forth to explain the onset of
the Paleoproterozoic Huronian glaciations include: (1) atmospheric CO2 drawdown due to
enhanced weathering of buoyant continental crust formed during supercontinent assembly
(Young et al. 2001; Young, 2013), (2) decreased CO2 concentrations as a result of enhanced
weathering of continents during rifting of supercontinents at low latitudes (Des Marais et al.,
1992; Eyles, 2008), and (3) reduction of the greenhouse effect through elimination of
atmospheric CH4 during the rise of O2 (Pavlov et al., 2000; Tang and Chen, 2013 and references
therein).
The fine-grained units (Pecors, Espanola and Upper Gowganda Formation) overlying the
diamictite units (Ramsay, Bruce and Lower Gowganda Formation) are mainly interpreted as
deltaic sedimentary rocks or carbonate ramp facies that were deposited in response to postglacial sea level rise (Bennett et al., 1991; Young et al., 2001). The uppermost sandstone units
(Mississagi, Serpent and Lorrain formations) within each Huronian cycle are mainly of fluvial
origin (Long, 1978a; Bennett et al., 1991; Young et al., 2001), although a minor marine
component has been suggested for the top of the Lorrain Formation (Rice, 1987).
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2.1

Elliot Lake Group

The Elliot Lake Group rests non-conformably on an Archean erosion surface and is the oldest
succession within the Huronian Supergroup (Card et al., 1977; Card, 1978; Debicki, 1990;
Bennett et al., 1991; Young et al., 2001). The Elliot Lake Group is approximately 2600-3000 m
thick (Card et al., 1977; Card, 1978) and consists of the following formations.

2.1.1

Livingstone Creek Formation

The Livingstone Creek Formation is only known from the western and central parts of the
Huronian outcrop belt between Sault Ste Marie and the Elliot Lake region (Bennett et al., 1991;
Young et al., 2001). The Livingstone Creek Formation rests unconformably on Archean
basement in Thessalon, Sault Ste Marie and Aberdeen Lake Areas (Bennett et al., 1990). It
exhibits a disconformable contact with the overlying Thessalon volcanics and Matinenda
Formation between Sault Ste. Marie and Elliot Lake (Bennett et al., 1990; Young et al., 2001). It
has a maximum thickness of about 400 m at Sault Ste. Marie, as indicated by drilling (Bennett et
al., 1991; Bennett et al., 1997; Bennett, 2006). Outcrops of the Livingstone Creek Formation,
however, indicate a thickness of only 100 m (Frarey, 1977). The Livingstone Creek Formation
primarily consists of polymictic conglomerates and grey arkosic sandstones (some of which
contain minor carbonate) along with minor siltstones and wackes (Bennett et al., 1991; Bennett
et al., 1997; Young et al., 2001). Sedimentary structures include trough cross-bedding with
calcite-rich foresets (Bennett et al., 1990; Bennett et al., 1991; Young et al., 2001), whereas
planar cross-beds and normal bedding are rare (Bennett et al., 1991). The polymictic
conglomerates of the Livingstone Creek Formation are immature, and derived from a local
source, which is consistent with its interpretation as an alluvial fan deposit (Bennett et al., 1990;
Bennett et al., 1991; Young et al., 2001). The trough cross-bedded units may represent alluvial
plain/fluvial deposits (Bennett et al., 1990; Bennett et al., 1991).

2.1.2

Thessalon Formation

The Thessalon Formation is preserved only in the western portions of the Huronian outcrop belt
between Sault Ste. Marie and Thessalon (Frarey, 1977; Bennett et al., 1990; Bennett et al., 1991;
Bennett et al., 1997; Bennett, 2006). It unconformably overlies the Livingstone Creek Formation
or Archean basement where the Livingstone Creek Formation is absent (Bennett et al., 1990;
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Bennett et al., 1991; Bennett, 2006). The formation has a maximum thickness of about 1200 m
(Bennett et al., 1990; Bennett et al., 1991). The Thessalon Formation consists primarily of fineor medium-grained amygdaloidal basalt and andesite to rhyodacite with minor felsic to
intermediate tuffs and volcanic breccias (Bennett et al., 1990; Bennett et al., 1991; Bennett,
2006). Locally, arkosic units and associated quartz-pebble conglomerates are intercalated with
the lower flows of the Thessalon Formation or are found directly below the basal flow unit
(Bennett, 1976, 1978; Meyer 1983; Bennett et al., 1991). The basalts of the Thessalon Formation
are characterized by the presence of elongate amygdules that are filled with secondary minerals
(Bennett, 1976, 1978; Bennett et al., 1991). Pillow structures, although rare, are present within
the formation near Sault Ste. Marie (Bennett et al., 1991). The upper basaltic member of the
Thessalon Formation appears to represent a continental flood basalt sequence while the lower
mixed member consisting of diverse rock types appears to be related to central vent eruptions
(Bennett et al., 1990; Bennett et al., 1991).

2.1.3

Elsie Mountain Formation

The Elsie Mountain Formation is exposed in the eastern portion of the Huronian outcrop belt and
forms the lowermost part of the bimodal Huronian volcanic sequence in the Sudbury area (Card
et al., 1977; Card, 1978; Bennett et al., 1991; Bennett et al., 1997; Bennett, 2006). The lower
contact of the Elsie Mountain Formation has been obscured by intrusions such as the Sudbury
Nickel Irruptive, Creighton Pluton and possibly, a gabbro-anorthosite pluton (Card, 1978). Its
contact with the overlying Stobie Formation is conformable and gradational, and is arbitrarily
placed where intercalated sulphide-bearing sediments first appear in appreciable amounts
(greater than 15%) (Card, 1978). The Elsie Mountain Formation has a maximum thickness of
1000 m in the Sudbury area (Card et al., 1977; Card, 1978; Bennett et al., 1991; Bennett et al.,
1997; Bennett, 2006). The thickness of individual flows ranges from 23-90 m and decreases
upsection and to the west (Card et al., 1977; Card, 1978). The formation primarily consists of
mafic igneous rocks (~90%) and some intercalated sedimentary units (~10%) (Card et al., 1977;
Card, 1978). The mafic igneous rocks consist predominantly of basaltic flows with some mafic
intrusions, and intercalated aluminous pelitic rocks and sandstones (Card et al., 1977; Card,
1978). The majority of the basaltic flows are massive or foliated and lack internal structure;
however, amygdaloidal and pillow structures were identified (Card et al., 1977; Card, 1978). The
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intercalated sedimentary units are thinly bedded (Card, 1978). The Huronian volcanic rocks of
the Sudbury area (Elsie, Stobie and Copper Cliff Formations) are products of submarine vent
eruptions along the edge of a depositional basin into which sediments were being transported
from the granitic Archean terrain to the north (Card, 1978; Bennett, 2006).

2.1.4

Stobie Formation

The Stobie Formation is exposed only in the eastern part of the Huronian outcrop belt and
constitutes the upper portion of the mafic Huronian volcanic sequence (Card et al., 1977; Card,
1978; Bennett et al., 1991). In places where the Elsie Mountain Formation is absent, the Stobie
Formation rests non-conformably on Archean granitic basement (Card, 1978). The Stobie
Formation is intruded by the Creighton Pluton and a gabbro-anorthosite Pluton (Card, 1978) and
is intercalated with wackes and sandstones of the McKim and Matinenda formations to the west
(Card et al., 1977). The overlying Copper Cliff Formation shares a conformable and transitional
contact with the Stobie Formation (Card, 1978). The Stobie Formation is 850 m thick in the
eastern part of the Sudbury-Manitoulin area and increases westward to about 1500 m (Card et al.,
1977; Card, 1978; Bennett et al., 1991; Bennett et al., 1997; Bennett, 2006). The proportion of
volcanic rocks as well the thickness of individual flows decreases upsection (Card, 1978). The
basalt flows are massive or foliated, with some units displaying pillow structures and abundant
amygdules (Card, 1978). Contacts between the volcanic and overlying sedimentary units
commonly have a disrupted or stirred appearance, which is thought to be a result of mixing of
volcanic and sedimentary material at the flow-sediment interface in a basin experiencing rapid
sedimentation (Card et al., 1977; Card, 1978, Bennett, 2006). Presence of sulphide-bearing units
and petrographic evidence of sulphide silicates and sulphide-oxide reactions led Innes (1972) to
conclude that the Stobie Formation was of submarine exhalative origin.

2.1.5

Copper Cliff Formation

The Copper Cliff Formation forms the upper felsic part of the bimodal Huronian deposits and is
exposed in the eastern portion of the Huronian outcrop belt, primarily in the Sudbury area (Card
et al., 1977; Card, 1978; Bennett et al., 1991; Bennett et al., 1997; Bennett, 2006). Coleman
(1905) concluded that the Copper Cliff Formation was sedimentary in origin and called it the
"Copper Cliff arkose". Burrows and Rickaby (1934) identified the Copper Cliff Formation to be
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of volcanic origin, and Cooke (1946) concluded that it consisted of both volcanic flows and
pyroclastic rocks. Phemister (1956) thought that the Copper Cliff Formation was a sill-like
granitic intrusion, while Card (1978) concluded that the Copper Cliff Formation was the felsicend member of the Huronian volcanic suite in the Sudbury area, with the Elsie and Stobie
formations representing the mafic part of the suite. The Copper Cliff Formation shares a
conformable relationship with both the underlying Stobie Formation and the overlying McKim
Formation (Card et al., 1977; Card, 1978). The Copper Cliff Formation is 760 m thick and
decreases in thickness to the southwest where it is truncated by the Murray Fault (Card, 1978).
The main rock types in the Copper Cliff Formation in order of abundance are quartz-feldspar
porphyry, tuff-breccia, flow-layered rhyolite and dacite, massive rhyolite and dacite, and
sulphide-rich crystal tuff (Card et al., 1977; Card, 1978). The rock units are lensoidal and
interstratified (Card et al., 1977; Card, 1978). The quartz-feldspar porphyry is generally massive
(Card et al., 1977; Card, 1978). Tuffaceous wacke lenses display graded bedding, ripples and
cross-bedding indicating deposition in water (Card et al., 1977; Card, 1978). The Copper Cliff
Formation represents the felsic-end member of a bi-modal volcanic suite that started with the
extrusion of the Elsie Mountain basalts (Card et al., 1977; Card, 1978).

2.1.6

Matinenda Formation

The <50 m to 600 m thick Matinenda Formation unconformably overlies Archean granitic
basement north of the Sudbury-Manitoulin area (Card, 1978; Bennett et al., 1991), and the
Thessalon Formation in the Quirke Lake Syncline (Bennett, 1981). Where the Thessalon
Formation is absent in the Quirke Lake Syncline, the Matinenda Formation unconformably
overlies Archean basement (Bennett, 1981). The formation near Sudbury is intercalated with
thick mafic flows of the Elsie Mountain and Stobie formations and is conformably overlain by
felsic flows and pyroclastic rocks of the Copper Cliff Formation and turbiditic greywackes of the
McKim Formation (Card et al., 1977; Card, 1978). The proportion of sedimentary to volcanic
material increases west of Sudbury where thin mafic flows are intercalated with quartz feldspar
sandstone and wacke (Card, 1978). The Matinenda Formation rapidly thins east of Sudbury and
is intercalated with volcanic rocks of the Stobie Formation and mudstones of the McKim
Formation (Bennett et al., 1991). The formation primarily consists of poorly sorted, medium- or
coarse-grained feldspathic sandstone, and pyritic and uraniferous quartz-pebble conglomerate
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(Roscoe, 1969; Card et al., 1977; Card, 1978; Bennett et al., 1991). Sedimentary structures in the
conglomerate include festoon cross-bedding and scour-and-fill structures, whereas trough and
planar cross-beds, ripple marks, parallel laminations and graded bedding are common within
sandstone-siltstone units (Card, 1978; Bennett et al., 1991). These sedimentary structures,
combined with paleocurrent analysis in the Elliot Lake area, led McDowell (1957) and Fralick
and Miall (1989) to conclude that the Matinenda Formation was deposited in shallow braided
streams flowing south with subsequent tilting resulting in south-eastward deposition. Long
(2009) considers the Matinenda Formation to have been deposited as alluvial fans and in
associated gravel-bed rivers and braided river systems.

2.1.7

McKim Formation

The McKim Formation conformably overlies and is intercalated with arkosic sandstones of the
Matinenda Formation and locally with volcanic rocks of the Stobie, Salmay Lake and Copper
Cliff formations (Card et al., 1977; Card, 1978; Bennett et al., 1991). The formation increases in
thickness towards the south and east of the Elliot Lake Area (Bennett, 1991), reaching 15001800 m in the McKim and Waters Townships (Card et al., 1977; Card, 1978; Long, 2009), and
up to 2400 m in the Denison and Graham Townships (Card, 1978). The McKim Formation
primarily consists of mudstone, siltstone, wacke and poorly sorted sandstone (Card et al., 1977;
Card, 1978; Bennett et al., 1991; Long, 2009). Card (1978) identified three main facies within
the McKim Formation: (1) wacke, (2) laminated mudstone-siltstone, and (3) arkosic sandstone.
These facies alternate throughout the succession. The wackes of the McKim Formation contain
ripple marks, cross-laminations, slump structures, graded beds, clastic dikes and Bouma
divisions, that is, the products of deep water deposition from turbidity currents (Card et al., 1977;
Card, 1978; Bennett et al., 1991). Varve-like laminations within siltstone-mudstone successions
were locally identified in the western part of the Sudbury area (Card et al., 1977; Card, 1978;
Bennett et al., 1991). Sedimentary structures suggest that the McKim Formation, which displays
both complete and incomplete Bouma sequences, was deposited by turbidity currents (Card et
al., 1977; Card, 1978; Bennett et al., 1991; Long, 2009).
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2.2

Hough Lake Group

The Hough Lake Group consists of a lower glacial diamictite unit (Ramsay Lake Formation), a
middle mudstone-siltstone unit (Pecors Formation) and an upper arkosic sandstone unit
(Mississagi Formation) (Card et al., 1977; Card 1978; Debicki, 1990; Bennett et al, 1991). The
formations of the Hough Lake Group were deposited during the first Huronian climatic cycle
(Card et al., 1977; Card 1978; Debicki, 1990; Bennett et al, 1991). The Hough Lake Group
thickens towards the south-east, reaching a maximum thickness of 4600 m (Card et al., 1977).

2.2.1

Ramsay Lake Formation

The Ramsay Lake Formation conformably overlies the McKim Formation (Card et al., 1977;
Card, 1978; Debicki, 1990; Bennett et al., 1991). The contact between the two is generally
abrupt, with local evidence of erosion at the base of the Ramsay Lake Formation. However, the
contact is locally transitional (Card et al., 1977; Card, 1978). The Ramsay Lake Formation
consists primarily of massive to poorly bedded polymictic conglomerates and pebbly sandstones
(Card et al., 1977; Card, 1978; Bennett et al., 1991). Thickness of the formation increases to the
south and ranges from 60-180 m in the Sudbury-Manitoulin area (Card et al., 1977; Card, 1978)
to 385-550 m thick in McKim Township (Debicki, 1990; Bennett et al., 1991). Sedimentary
structures are generally absent, although bedding, ripple marks, cross-bedding and dropstones
were identified locally (Card et al., 1977; Card, 1978). A glacial or glacio-marine origin has been
proposed for the Ramsay Lake conglomerates (e.g. Casshyap, 1969; Roscoe, 1969). The
presence of dropstones and evidence of long distance transport of large clasts in a dense medium
support a glacial origin (Card, 1978).

2.2.2

Pecors Formation

The Pecors Formation conformably overlies the Ramsay Lake Formation and is composed
primarily of siltstone, argillite, wacke and arkosic sandstone (Robertson, 1971; Card et al., 1977;
Card, 1978; Bennett et al., 1991). The Pecors Formation is up to 150 m thick in the north and
reaches a thickness of ~900 m in the Lake Panache area (Card et al., 1977; Card, 1978).
Sedimentary structures include graded beds, ripple marks, cross-laminations, parallel
laminations, ball-and-pillow structures, clastic dikes and slump structures (Card et al., 1977;
Card, 1978; Debicki, 1990; Bennett, 1991). The deposits are interpreted as partial Bouma
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divisions in the Sudbury-Manitoulin area (Card et al., 1977; Card, 1978; Debicki, 1990; Bennett,
1991). In contrast, mudcracks in rocks along the north limb of the Quirke Lake syncline indicate
a shallow depositional environment (Bennett et al., 1991). The presence of dropstones in the
basal part of the Pecors Formation indicates a cool paleoclimate similar to that which persisted
during the deposition of the Ramsay Lake Formation (Bennett et al., 1991).

2.2.3

Mississagi Formation

The Mississagi Formation conformably overlies the Pecors Formation and represents an upwardcoarsening sedimentary cycle, primarily consisting of feldspathic sandstone with minor siltstone
and conglomerate units (Card et al., 1973; Card et al., 1977; Card 1978; Bennett et al., 1991).
The siltstone is primarily preserved as partings, interbeds, and units up to 60 m thick (Card et al.,
1977; Card, 1978). The Mississagi Formation ranges in thickness from ~300 m in the north
(Card, 1978) to 1500 m in the south-western and central outcrop zone, to 3000 m in the
southeastern portion of the Sudbury-Manitoulin area (Card et al., 1977; Card, 1978). Commonly
observed sedimentary structures include planar and trough cross-bedding and ripple marks (Card
et al., 1973; Card et al., 1977; Card, 1978, Debicki, 1990; Bennett et al., 1991). Paleocurrent
analysis of cross-beds led Long (1976) to conclude that the Mississagi Formation was a product
of two braided fluvial systems, one flowing southeast from the Sault Ste. Marie-Elliot Lake
region and another flowing southwest from the Cobalt Embayment (Bennett et al., 1991).

2.3

Quirke Lake Group

The Quirke Lake Group contains the Bruce, Espanola and Serpent formations, and represents the
second glaciation-deglaciation episode in the Huronian succession (Card et al., 1977; Card,
1978; Bennett et al., 1991). This group thickens to the southeast where it reaches a maximum
thickness of 4600 m (Card et al., 1977).

2.3.1

Bruce Formation

The Bruce Formation ranges in from a few meters to ~460 m thick and thins towards the south,
where it is absent in the southeastern and southwestern parts of the Huronian outcrop belt (Card
et al., 1977; Card, 1978). The rocks primarily consist of polymictic paraconglomerate and pebbly
wacke (Card et al., 1973; Card et al., 1977; Card, 1978). Locally, the Bruce Formation contains
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interstratified units of quartz sandstone, feldspathic sandstone, and siltstone (Card et al., 1977;
Card, 1978; Debicki, 1990; Bennett et al., 1991). Conglomeratic units in the upper part of the
formation contain lenses of calcareous siltstone and limestone that are lithologically similar to
the overlying Espanola Formation (Card et al., 1977; Card, 1978). The Bruce Formation is
generally massive and poorly sorted; however, local bedding, ripple marks, cross-bedding, and
dropstones have been identified (Card et al., 1977; Card, 1978; Bennett et al., 1991). The Bruce
Formation has been interpreted as a glacially-derived tillite succession (Casshyap, 1969);
however Sims et al. (1981) argued that the formation is a debris-flow deposit associated with
normal faulting. The debris-flow model is unlikely as it cannot explain the wide variety of clasts
within the conglomerates and the presence of dropstones (Robertson, 1968; Bennett et al., 1991).

2.3.2

Espanola Formation

The Espanola Formation rests unconformably on Archean basement and conformably on the
Bruce Formation, and is the only formation in the Huronian Supergroup containing abundant
carbonate (Card et al., 1977; Card, 1978; Bernstein and Young, 1990; Bekker et al., 2005). The
formation ranges from 150-240 m thick in the north to 300-600 m in the south (Card, 1978).
Within the central outcrop belt, the formation appears to thin from an average of 360 m in the
west to 180 m in the east (Card, 1978). The three-fold division of the Espanola Formation given
by Collins (1925) was modified to a four-fold division by Young (1973). Bernstein and Young
(1990) used the subdivisions proposed by Young (1973) and Card (1978) to suggest a three-fold
subdivision for the Espanola Formation consisting of a lower limestone member, a middle
siltstone member and an upper heterolithic member. The limestone member consists of a lower
non-calcareous sandy mudstone unit, a middle unit comprising grey-weathered limestones, silty
limestones and calcareous siltstones, and an upper unit consisting of brown- and grey-weathered
dolostones, silty dolostones and minor silty limestones (Bernstein and Young, 1990).
Sedimentary structures include planar laminations, ripple laminations, graded beds, convolute
laminations, and small-scale, soft-sediment folds (Bernstein and Young, 1990; Bekker et al.,
2005). The siltstone member is further subdivided into carbonate-poor and carbonate-rich facies
(Bernstein and Young, 1990). The carbonate-poor facies consists primarily of calcareous and
noncalcareous siltstone, fine-grained sandstone, and sandy mudstone with flaser, wavy, and
lenticular bedding, graded bedding, small-scale ball and pillow structures, convolute laminations,
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flame structures, shrinkage cracks, and symmetric and asymmetric ripple marks (Card, 1978;
Bernstein and Young, 1990). The carbonate-rich facies consists primarily of silty limestone,
calcareous or dolomitic siltstone and very fine grained sandstone with planar laminations, thin
bedding and graded bedding. Bernstein and Young (1990) subdivided the uppermost heterolithic
member into coarse-grained and fine-grained facies. The coarse-grained facies consists primarily
of very fine- to coarse-grained sandstones. Trough and planar cross-stratification, herringbone
cross-stratification, climbing-ripple laminations, reactivation and scour-filled surfaces, convolute
and overturned bedding, and fine laminations are common (Bernstein and Young, 1990). The
fine-grained facies consists of mudstone and siltstone with minor sandstone (Bernstein and
Young, 1990). Common sedimentary structures include large-scale ball-and-pillow, slump, and
load structures and convolute bedding (Bernstein and Young, 1990). Locally, thin conglomerate
units similar to the Bruce Formation are present in the lower part of the Espanola Formation
(Card et al., 1977; Card, 1978; Bernstein and Young, 1990). Crustose and columnar stromatolites
were identified by Hofmann et al. (1980) near Quirke Lake. The presence of stromatolites
combined with interlayered limestone, wacke and mudstone is indicative of deposition in
relatively shallow water (Bennett et al., 1991; Long, 2009). The lower and middle members of
the Espanola Formation are inferred to have been deposited under subtidal to intertidal
conditions, whereas the heterolithic member was deposited in a tidally or storm-influenced
setting (Bernstein and Young, 1990, Bekker et al., 2005; Al-Hashim and Corcoran, 2014).

2.3.3

Serpent Formation

The Espanola Formation is conformably overlain by the Serpent Formation, which mainly
contains arkosic sandstone with minor siltstone, calcareous beds and conglomerate (Card et al.,
1977; Card, 1978; Bennett et al., 1991). The thickness ranges from 150-600 m in the north to
180-1500 m in the south (Card et al., 1977; Card, 1978). This variation in thickness has been
attributed to erosion preceding deposition of the overlying Gowganda Formation (Card et al.,
1977; Bennett et al., 1991). Sedimentary structures within the Serpent Formation include planar
cross-bedding, festoon cross-bedding, fine laminations, ripple marks and mud cracks (Card et al.,
1977; Card, 1978; Bennett et al., 1991). These sedimentary structures are indicative of deposition
in subaerial to shallow marine conditions (Bennett et al., 1991; Young, 2014) or possibly in the
distal reaches of a braided river system (Long, 1976; Bennett et al., 1991).
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2.4

Cobalt Group

The Cobalt Group contains the Gowganda and Lorrain formations (Wood, 1973; Long, 2004,
2009), which represent the final glaciation-deglaciation cycle of the Huronian Supergroup
(Young et al., 2001).

2.4.1

Gowganda Formation

The contact between the Serpent and Gowganda formations is erosive to transitional (Card et al.,
1977; Card, 1978; Debicki, 1990). The glaciogenic Gowganda Formation is composed of a
heterogeneous assemblage of conglomerate and feldspathic sandstone and argillite (siltstone and
mudstone) (Card et al., 1977; Card, 1978; Bennett et al., 1991; Long, 2009). It ranges in
thickness from 180 m near the Grenville Front to 2270 m in the Sudbury area (Card et al., 1977;
Card, 1978; Card, 1984; Bennett et al., 1991).
The Gowganda Formation has been subdivided into two members: the lower Coleman and the
upper Firstbrook (Thomson, 1957). The Coleman member consists of pebbly wacke,
conglomerate, arkose, wacke and argillite, whereas the Firstbrook member consists of wellbedded wacke, laminated argillite and ferruginous siltstone at the top (Lindsey, 1969; Young,
1970; Johns, 1985). Argillite units of the Coleman member are commonly thickly laminated
(Lindsey, 1971; Johns, 1985). Graded bedding was identified locally whereas dropstones ranging
in size from fine-grained sand to boulders are common (Lindsey, 1971; Johns, 1985). Some softsediment deformation structures have been observed within argillite units (Johns, 1985). The
arkosic units of the Coleman member are generally massive; however load casts characterize the
bases of some units (Johns, 1985). Rocks of the Firstbrook member display a variety of
sedimentary structures (Lindsey, 1969, 1971; Young, 1970; Johns, 1985). Festoon cross-bedding,
ripple marks, ripple laminations, graded beds, parallel laminations, and convolute laminations
are common (Lindsey, 1971; Johns, 1985). The argillite units of this member display wavy,
irregular to parallel laminations, with some units containing flat siltstone lenticles (Lindsey,
1971). Siltstone units of the Firstbrook member are massive or faintly laminated and display
abundant ball and pillow structures (Young, 1970; Lindsey, 1971; Johns, 1985). Dropstones, are
rarely seen in rocks of the Firstbrook member (Lindsey, 1971; Rainbird and Donaldson, 1988;
Junnila and Young, 1995; Young and Nesbitt, 1999) however, many have been locally identified.
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The Gowganda Formation has been interpreted to be of glacial, glacio-marine or glaciolacustrine origin based on the presence of glacial till-like conglomerate, varved argillite and the
presence of dropstones (Casshyap, 1969; Roscoe, 1969; Lindsey, 1969; Miall, 1983; Young and
Nesbitt 1985; Chandler, 1986; Bennett et al., 1991; Junnila and Young, 1995). Rare striated and
faceted stones, fractured boulders, abundant feldspar and locally derived unweathered detritus
suggest a continental glacial origin for most of the Gowganda Formation (Lindsey, 1969, 1971).
Although massive bedding and poor sorting characterize most of the Gowganda tillite, faint
internal stratification and beds of sorted detritus at Whitefish Falls suggest reworking of tillite by
currents (Lindsey, 1969, 1971). Miall (1983) suggested that only a minor portion of the
Gowganda Formation was deposited by ground ice and that although the detritus was derived
from an ice sheet, sediments were deposited by sediment gravity flows, ice rain-out and pelagic
settling. The presence of dropstones has been attributed to iceberg rafting and the varved nature
of argillites led Lindsey (1969) to suggest that these were deposited in a lacustrine environment.
However, argillite in cores studied by Miall (1983) did not show any varves, which led him to
suggest a possible glacio-marine origin. Four coarsening-upward cycles were recognised by
Junnila and Young (1995) in the Firstbrook member. Each of these cycles has been interpreted as
a subaqueous braid delta deposit prograding onto a wave-influenced, tectonically active marine
basin (Junnila and Young, 1995). Rainbird and Donaldson (1988) subdivided the Firstbrook
member into a lower mud-dominated facies, a middle silt-dominated facies and an upper sanddominated facies, which they equated with prodelta, delta slope and delta foreslope settings of a
prograding braid delta.

2.4.2

Lorrain Formation

The Lorrain Formation conformably overlies the Gowganda Formation and is composed
predominantly of sandstone with minor siltstone and conglomerate (Card et al., 1977; Card,
1978; Card, 1984; Debicki, 1990; Bennett et al., 1991). The maturity of the Lorrain Formation
increases from the base to the top of the formation, as indicated by arkosic sandstone in the lower
part, mature to sub-mature aluminous and hematitic sandstone in the middle part, and mature
quartz arenite in the upper part (Card et al., 1977; Card, 1978; Card, 1984; Debicki, 1990;
Bennett et al., 1991). The Lorrain Formation ranges from 1500-2400 m thick up to 3300 m thick
northeast of Sudbury (Card et al., 1973; Card et al., 1977; Card, 1978; Card, 1984; Bennett et al.,
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1991). Common sedimentary structures are planar and trough cross-beds, graded beds and
graded cross-beds, although ripple marks, convolute bedding, ball-and-pillow structures, lowangle scours and gravel lags have also been identified (Card, 1984; Bennett et al., 1991). The
Lorrain Formation is inferred to have been deposited in a predominantly fluvial environment
with possible shallow water influence represented by the uppermost beds (Wood, 1973; Card,
1984; Rice, 1987).

2.5

Flack Lake Group

The Flack Lake Group conformably overlies the Cobalt Group (Long, 2004, 2009). It consists of
a lower siltstone-argillite unit (Gordon Lake Formation) and an upper quartz arenite unit known
as the Bar River Formation (Card et al., 1977; Card, 1978; Bennett et al., 1991; Long, 2004,
2009). The Flack Lake Group is interpreted to have been deposited in nearshore to shallow
marine conditions along a passive margin (Wood, 1973; Card et al., 1977; Card, 1978; Bennett et
al., 1991; Long, 2004, 2009). Although not present in the Sudbury district, the formation is
exposed east of Sudbury in the Cobalt region, and west and north of Elliot Lake (Long, 2009).

2.5.1

Gordon Lake Formation

The Gordon Lake Formation conformably overlies the Lorrain Formation; the contact between
the two is generally transitional but is abrupt in some places (Wood, 1973; Card et al., 1977;
Card, 1984; Rust and Shields, 1987; Bennett et al., 1991). The rocks consist of varicoloured finegrained sandstone, wacke and siltstone (Wood, 1973; Card et al., 1977; Card, 1978, 1984;
Bennett et al., 1991). The thickness of the Gordon Lake Formation ranges from 300 m in the
Sault Ste. Marie area to 550-760 m in the Sudbury-Manitoulin area (Card et al., 1977; Bennett et
al., 1991). Sedimentary structures within argillite units include laminated bedding, graded beds,
convolute bedding, ball and pillow structures, and desiccation/syneresis cracks, whereas cross
laminations and graded beds are common in the sandstone units (Wood, 1973; Card et al., 1977;
Card, 1978, 1984; Rust and Shields, 1987; Bennett et al., 1991). Sedimentary structures and the
local presence of anhydrite and gypsum indicate deposition in a low-energy, tidal-flat or lagoonal
environment (Wood, 1973; Card et al., 1977; Card, 1978, 1984; Rust and Shields, 1987; Bennett
et al., 1991).
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2.5.2

Bar River Formation

The uppermost unit of the Flack Lake Group is the Bar River Formation, which conformably
overlies the Gordon Lake Formation (Wood, 1973; Card et al., 1977; Card, 1978, 1984; Rust and
Shields, 1987; Bennett et al., 1991). It is primarily a quartz arenite succession with minor
siltstone interbeds (Wood, 1973; Card et al., 1977; Card, 1978, 1984; Rust and Shields, 1987;
Bennett et al., 1991). The Bar River Formation is approximately 900 m thick in the SudburyManitoulin area (Card et al., 1977; Card, 1978) and thins to 100-200 m near Flack Lake
(Chandler, 1984; Rust and Shields, 1987). Sandstone units contain massive bedding, crossbedding and ripple marks, whereas desiccation cracks and syneresis cracks are common in
siltstone units (Rust and Shields, 1987; Bennett et al., 1991). Roscoe and Frarey (1970)
concluded that the Bar River Formation was deposited in a fluvial environment with mature
quartz grains being derived from a regolith source. In contrast, Wood (1973) concluded that the
Bar River Formation represents a beach deposit that was subjected to aeolian influence.
Sedimentary structures, polymodal paleocurrents, and textural and compositional maturity,
however, suggest deposition in a near-shore, shallow marine environment (Pettijohn, 1970; Card,
1978; Chandler, 1984; Rust and Shields, 1986, 1987).

2.6

Sudbury basin

The Sudbury basin is located at the junction of three structural provinces on the Canadian Shield.
It lies within the Southern Province, with the Superior Province to the northwest and Grenville
orogenic belt to the southeast (Figure 1.1) (Rousell, 1983; Therriault, 2001; Therriault et al.,
2002). The basin is elliptical in plan view, measures 58 km long and 28 km wide and its major
axis points N65E (Rousell, 1983; Rousell and Card, 2009). Two possible origins have been
postulated for the formation of the Sudbury basin: (1) an endogenic volcanic origin (Muir, 1984),
and (2) a meteorite impact origin (Dietz, 1964; Dressler et al., 1987; Therriault et al., 2002).
Shocked metamorphic features (French, 1967; Grieve et al., 2010), extreme brecciation of the
country rock (Dressler et al., 1991), impact microdiamonds (Masaitis et al., 1999) and an
irridium layer (Mungall et al., 2004) favor the meteorite impact theory (Petrus et al., 2013;
Therriault et al., 2002). Thus, there is general consensus that the Sudbury Basin is an eroded and
tectonically deformed remnant of a 200-250 km wide Paleoproterozoic impact crater (Petrus et
al., 2013; Therriault, 2001; Therriault et al., 2002). The Sudbury Igneous Complex (SIC) has
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been dated at 1.85 Ga (Krogh et al., 1984), and is interpreted to represent the largest known
terrestrial impact melt sheet (Therriault et al., 2002; Grieve et al., 2010). The overlying
sedimentary rocks of the Whitewater Group constitute the basin fill of the Sudbury impact crater
(Rousell, 1983; Dressler et al., 1991; Therriault et al., 2002). Huronian Supergroup rocks were
affected by the meteorite impact, as indicated by the presence of pseudotachylitic breccia in the
Sudbury and Whitefish Falls regions (Card, 1984; Dressler et al., 1991), and shatter cones in the
Mississagi and McKim formations in the Sudbury region (Bray, 1966; Card, 1978).

2.7

Penokean Orogeny

The Penokean orogeny is a Paleoproterozoic orogeny that occurred on the southern margin of the
Archean Superior Craton (Sims et al., 1989; Sims, 1996; Schulz and Cannon, 2007). The age of
the Penokean orogeny has been cited at 1.89 to 1.83 Ga (Van Schmus, 1976), 1.75 to 1.7 Ga
(Hurst and Farhat, 1978), 1.89 to 1.83 Ga (Bickford et al., 1986), 1.9 to 1.8 Ga (Medaris, 1983),
1.86 to 1.835 Ga (Hoffman, 1989), 1.90 to 1.83 (Sims et al., 1989) and 1.88 to 1.83 Ga (Schulz
and Cannon, 2007). Similarities between the rocks and structures of the Penokean orogeny to
those of more recent orogenic belts were first noted by Van Schmus (1976). Zolnai et al. (1984)
developed a plate tectonic model to explain the observed structures in the Huronian Supergroup.
They suggested that a northward moving Archean terrane collided with and overrode the southfacing Huronian passive margin. This would have resulted in ductile deformation and
dynamothermal metamorphism of the Huronian rocks south of the Murray fault (Zolnai et al.,
1984). The deformed wedge of Huronian rocks was pushed northward over the Superior craton
producing listric thrust faults, such as the Flack Lake fault, through reactivation of older faults
(Zolnai et al., 1984; Bennett et al., 1991). Larue (1983), Hoffman (1988) and Sims et al. (1989)
proposed a slight variation to this model wherein a Proterozoic island arc system (PembineWausau terrane) initially collided with the Huronian continental margin, which was then
followed by a collision with an Archean micro-continent known as the Marshfield terrane. This
idea was supported by the Nd isotope analysis of Barovich et al. (1989) on rocks from Michigan
and Wisconsin.
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2.8

Local Geology

Bar River Formation outcrops are exposed in five localities within the Huronian outcrop belt,
namely the Baie Fine area, Flack Lake area, Welcome Lake area, McGiffin Lake area and
Gordon Lake area (Figure 1.3) (Wood, 1970; Card et al., 1973; Card, 1978; Bennett, 1981; Rust
and Shields, 1987).

Figure 2.3: Outcrop areas of the Bar River Formation within the Huronian outcrop belt
(Modified from Rust and Shields, 1987).
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2.8.1

Bar River Formation at Baie Fine

The Bar River Formation at Baie Fine reaches a thickness of at least 900 m (Card, 1976; 1978;
Rust and Shields, 1986, 1987) and forms part of the Frazer Point syncline in this area (Rust and
Shields, 1987). The contact between the Bar River Formation and the underlying Gordon Lake
Formation is conformable and transitional over an interval of 30 m (Card, 1976, 1978; Rust and
Shields, 1986, 1987). The rocks primarily consist of quartz arenite, hematite-bearing sandstone,
and siltstone (Card, 1978).
The Bar River Formation has been divided variously into three (Rust and Shields, 1987), four
(Wright and Rust, 1985) and five intergradational units. The five-fold division suggested by Card
(1978) is discussed further as it gives the most detailed breakdown of the facies observed within
the Bar River Formation at Bay Finn. (1) The lowermost part of the formation (90 m) consists of
fine- or medium-grained, white and red quartz arenite with minor silty partings and laminae near
the base (Card, 1978; Wright and Rust, 1985). Sedimentary structures include thick laminations,
planar cross-beds and rippled surfaces. (2) The overlying unit is a 180 m thick succession of
white quartz arenite with disseminated hematite and hematitic siltstone chips (Card, 1978;
Wright and Rust, 1985). Sedimentary structures include planar cross-beds, festoon cross-beds
and rippled surfaces (Card, 1978; Wright and Rust, 1985). Red staining on joint surfaces, cubic
vugs believed to be impressions of pyrite, and high concentrations of hematite along bedding and
cross-beds indicate iron-bearing fluid migration (Card, 1978; Wright and Rust, 1985). (3) The
overlying unit is 230 m thick and contains blue and red hematitic sandstone and white quartz
arenite (Card, 1978; Wright and Rust, 1985). Sedimentary structures include trough and planar
cross-beds, herringbone cross-beds, slump breccias, reactivation surfaces, and symmetrical and
asymmetrical low amplitude ripples. (4) Up-section, a 210-240 m thick sandstone and siltstone
succession contains several upward coarsening cycles (Card, 1978; Wright and Rust, 1985).
These cycles consist of a lower siltstone-sandstone portion and an upper sandstone portion (Card,
1978; Wright and Rust, 1985). The lower part of each cycle consists of black, bluish and reddish
siltstone and fine grained, micaceous sandstone, whereas the upper part consists of white quartz
arenite, bluish and reddish hematitic sandstone and varicoloured micaceous sandstone (Card,
1978; Wright and Rust, 1985). The rocks contain planar cross-beds, herringbone cross-beds,
reactivation surfaces, and symmetrical and asymmetrical ripples. (5) The uppermost unit is ~180
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m thick and consists of beige and bluish quartz arenite (Card, 1978). Parallel laminations,
festoon cross-beds and ripples were commonly seen within this unit (Card, 1978). Contrary to
the observations of Card (1978), Rust and Shields (1987) report that the upper 400 m of the Bar
River Formation at Baie Fine show upward-fining and upward-thinning sequences.
Paleocurrent analysis of the Bar River Formation at Baie Fine has been carried out by measuring
planar cross-beds and ripple crests (Wright and Rust, 1985). This analysis revealed a bimodal
east-west trend with the dominant trend being in the eastward direction (Wright and Rust, 1985;
Rust and Shields, 1986, 1987). This trend is persistent throughout the succession and is
supported by the presence of multiple sets of herringbone cross-stratification (Wright and Rust,
1985; Rust and Shields, 1986, 1987).
The persistent bi-directional paleocurrent trend combined with the observation of herringbone
cross-stratification throughout the Bar River succession suggests that the formation at Baie Fine
was deposited under tidal influence (Rust and Shields, 1986, 1987). Upward-fining and upwardthinning sequences are consistent with migration of tidal inlet channels, but the great thickness of
these units precludes this interpretation (Rust and Shields, 1986, 1987). Instead, the deposits are
considered the products of sea-level rise as the shelf sediments experienced subsidence (Young,
1983).

2.8.2

Bar River Formation at Flack Lake

The Bar River Formation is exposed in a series of road cuts along Highway 639, northeast of
Flack Lake and in nearby stream and lake exposures (Rust and Shields, 1987). In this area, the
contact between the Bar River Formation and the underlying Gordon Lake Formation is
obscured by the Nipissing diabase sill (Rust and Shields, 1987). Thicknesses of 100-200 m (Rust
and Shields, 1987) and 300- 450 m (Wright and Rust, 1985) have been reported for the Bar River
Formation in this area. Exposed sections are predominantly flat-lying to gently dipping; however
local folding and the lack of marker horizons makes correlation between sections impossible
(Rust and Shields, 1987).
The Bar River Formation at Flack Lake is primarily a quartz arenite succession; however Wright
and Rust (1985) divided it into two units based on lithology, bedding thickness and abundance of
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sedimentary structures. The lower unit (175 m) consists primarily of white quartz arenite with a
few thin beds, lenses or drapes of green siltstone (Wright and Rust, 1985; Rust and Shields,
1987). Sedimentary structures include planar and trough crossbeds, granule lags, herringbone
crossbeds, overturned crossbeds, symmetrical and asymmetrical ripples, ripple fans, mudcracks
and syneresis cracks (Wright and Rust, 1985; Rust and Shields, 1987). The 125 m thick upper
unit consists mainly of quartz arenite with very minor green to brown siltstone drapes (Wright
and Rust, 1985). Sedimentary structures are similar to those observed in the lower unit of the Bar
River Formation (Wright and Rust, 1985; Rust and Shields, 1987). Large scale crossbeds (up to
1.5 m) have been reported close to the top of the formation (Rust and Shields, 1987). Vermicular
structures found in ripple troughs have been attributed to infilling and disturbance of syneresis
cracks (Wright and Rust, 1985). The abundance of sedimentary structures within the Bar River
sandstones at Flack Lake and the lack thereof at Baie Fine has been attributed to the low degree
of metamorphism in the Flack Lake area (Rust and Shields, 1987).
Paleocurrent analysis of the Bar River Formation at Flack Lake has been carried out by
measuring planar and trough cross-beds as well as ripple crests (Wright and Rust, 1985; Rust and
Shields, 1987). Paleocurrent analysis reveals a bipolar trend with the dominant trend in the
south-southwest direction and a minor trend in the opposite direction (Wright and Rust, 1985;
Rust and Shields, 1987). This bipolar trend is persistent throughout the succession; however the
asymmetry of the modes decreases from the lower to the upper part of the Bar River Formation
(Rust and Shields, 1987). This bipolar trend is also supported by the presence of herringbone
cross-strata throughout the succession (Wright and Rust, 1985; Rust and Shields, 1987). The
persistent bi-directional paleocurrent trend throughout the succession indicates deposition under
the influence of reversing tides in a relatively deep, energetic environment (Rust and Shields,
1987). The presence of desiccation features indicates periodic emergence (Rust and Shields,
1987). Large cross-bed (1.5 m) sets could indicate an aeolian influence; however other evidence
for aeolian deposition is not present (Rust and Shields, 1987).

2.8.3

Bar River Formation at McGiffin Lake

The Bar River Formation at McGiffin Lake was described by Card et al. (1973). The 457-610 m
thick Bar River Formation conformably overlies the Gordon Lake Formation and consists of
fine- or medium-grained, pink and white sandstones (Card et al., 1973). Petrographic analysis
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indicates that the formation is composed of >90% rounded and well sorted quartz and minor
chert fragments in a matrix of muscovite and fine quartz (Card et al., 1973). The pink colour of
some sandstones results from hematite coating on quartz grains. Asymmetric ripple marks are
abundant and paleocurrent analysis suggests a south to south-eastern flow. The Bar River
Formation at McGiffin Lake has been interpreted as shallow water, near-shore deposits that were
winnowed and sorted by wave and current action (Card et al., 1973; Card, 1978; Rust and
Shields, 1987).

2.8.4

Bar River Formation at Gordon Lake

The 300 m thick Bar River Formation at Sault Ste. Marie is exposed in two outcrops, one south
of Gordon Lake and the other west of Diamond Lake (Giblin et al., 1979). The formation
consists of thick bedded, white to pale yellow quartz arenite with poorly visible structures,
similar to white quartz arenite in the upper portion of the Lorrain Formation (Bennett, 1981).
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Chapter 3

3

Lithofacies analysis of the Bar River Formation

The Bar River Formation in the Flack Lake area has been reported to be between 300 and 450 m
thick based on drill core examination (Eisbacher and Bielenstein, 1969; Wood, 1970). The rocks
are flat-lying to gently dipping (3-5⁰ S) and are locally folded. The present study separates the
Bar River succession near Flack Lake into eight lithofacies on the basis of grain size,
sedimentary textures (mineralogy, roundness, sorting) and common sedimentary structures. Six
stratigraphic sections were drawn at scales of 1:10 or 1:20. The sections ranged from 3.5-13.5 m
thick, as determined by the exposed thickness at each outcrop. Although there was no
opportunity to study the entire succession at one outcrop, the 6 sections drawn reflect the major
lithofacies preserved from the base to the top of the formation. Outcrops exposed above a
Nipissing diabase sill along Highway 639 represent the base of the stratigraphy, whereas those
exposed approximately 2 km south represent the youngest lithofacies (Figure 3.1). The
lithofacies are described in stratigraphic order, although some lithofacies reappear throughout the
succession. Detailed outcrop drawings were generated using grids with 10-17 cm spacing.
Lithofacies colours were described using the Munsell colour chart, which specifies colour based
on the three parameters of hue, value (lightness) and chroma (colour purity). For example 5Y 6/8
is used to represent a shade of brown. Representative samples were collected from each outcrop
in order to prepare thin sections for petrographic analysis. Thin section samples were point
counted using the Indiana method wherein discrete grains containing sand-sized minerals are
classified as rock fragments (Ingersoll et al., 1984). A minimum of 400 grains were counted in
each thin section utilizing 1 mm grid increments, which resulted in maximum coverage of the
slide. In addition, 400 counts provide statistically reliable values for all grain parameters
(Ingersoll et al., 1984). A brief description of each lithofacies and its interpretation is provided in
Table 3.1. Sample and section locations are provided in Table 3.2.
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Table 3.1: Brief description of the Bar River Formation lithofacies with interpretation of
depositional environment. Qtz, quartz; Flds, feldspar; Lf, lithic fragments; Mi, mica; ND,
not determined; sst, sandstone; slst, siltstone
Lithofacies

Characteristics

Interpretation

Major Sedimentary
Structures

Grain Size

Detrital
Mineralogy

Matrix
Mineralogy

Cement
Mineralogy

Quartz arenite
breccia (QAB)

Massive

Pebbles to
cobbles

Qtz

ND

ND

Intraformational shoal breccia

Planar and crossbedded sandstone
(PCBS)

Planar beds, planar
cross-beds, planar
laminations, trough
cross-beds, tangential
cross-beds, ripples,
desiccation cracks

Coarse to
fine sand

Qtz,
Flds,Lf

Mi

Silica,
hematite

Subtidal to intertidal
channel/shoal

Siltstone/mudstone
(SM)

Planar laminae

ND

ND

ND

ND

Subtidal; rapid transgression or
storm induced event

Overturned, crossbedded sandstone
(OCBS)

Recumbent to complex
overturned cross-beds,
tangential cross-beds,
planar cross-beds,
trough cross-beds,
planar beds, planar
laminations

Med. sand

Qtz

ND

ND

Deep tidal channel/Fluvial?

Tangential crossbedded pebbly
granulestone
(TCBPG)

Tangential cross-beds,
planar beds

Granules,
pebbles
along
foresets

Qtz

absent

absent

Deep tidal channel

Planar and crossbedded sandstone
with siltstone
interbeds (PCBSSI)

Planar beds, , planar
laminations, tangential
and trough cross beds,
herringbone cross-beds,
ripples, desiccation
cracks

V. fine to
med. sand
(sst), med.
sand to
c.silt (slst)

Qtz, Flds

Green Mi

Silica

Shallow subtidal to intertidal
shoals

Pebbly, crossbedded, pink to
purple sandstone
(PCBPPS)

Planar and wavy beds,
tangential cross-beds,
pebble lags, pebbles on
foresets, ripples,
desiccation cracks

Fine and
med. sand

Qtz, Flds
Lf

Mi

Silica,
hematite

Shallow subtidal to intertidal
channel/shoals

Large-scale, crossbedded sandstone
(LSCBS)

Tangential cross-beds

Med. sand

Qtz

ND

ND

Deep tidal channel/swash
bar/tidal channel bar/subtidal
channel

hematite
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3.1

Quartz arenite breccia lithofacies (QAB)

The quartz arenite breccia lithofacies was observed at station 271, just south of the Nipissing
diabase exposure along Highway 639, and at station 232 along the Flack Lake shoreline (Tables
3.1, 3.2; Figures 3.1, 3.2 A). The up to 3 m thick lithofacies is composed of pebble- to cobblesize, angular or sub-angular clasts of quartz arenite with a very minor to no matrix component.
Therefore, the rock is a moderately sorted, clast-supported, monomictic breccia. The breccia is
off-white (Munsell colour 5RP 9/2), lacks any internal sedimentary structures, and has limited
areal distribution. The lower contact with the Nipissing diabase sill is obscured by water and soil
cover, and the upper contact with the planar- and cross-bedded white sandstone lithofacies
(PCBS) is obscured along Highway 639, but appears gradational along the Flack Lake shoreline.

3.1.1

Interpretation

A brecciated unit in the lower part of the Bar River Formation at Baie Fine was described by
Wright (1985). This breccia contains fragments of an amphibolitic intrusion cutting the Bar
River Formation and as such was described as a tectonic breccia by Wright (1985). Additional
thin brecciated beds in the Flack Lake area were described as intraformational breccia by Wood
(1970). The previously unidentified quartz arenite breccia lithofacies in the Flack Lake area is
massive and the quartz arenite fragments show no preferred orientation. Similar breccias have
been described in the Archean Beniah Lake Formation (Mueller and Pickett, 2005), Precambrian
Keyes Lake Quartzite of the Baraga Group (Nilsen, 1965) and the late Cambrian to early
Ordovician Potsdam sandstone (Selleck, 1978). This massive breccia could be explained by the
following mechanisms: (1) syn-depositional gravity-induced collapse of a well-cemented surface
layer of quartz into underlying uncemented quartz sands, which necessitates deposition in
shallow waters with periodic subaerial exposure (Selleck, 1978), (2) production by storm waves
or strong currents striking the seaward side of a shoaling body, which result in the formation of
intraformational breccia by the ripping up of semi-consolidated sediments (Nilson, 1965), or (3)
as a debris flow deposit with a hyperconcentrated flood flow component (Rasmussen, 2000)
produced by short-lived catastrophic terrestrial flooding debouching onto an open coast (Kuenzi
et al., 1979; Mueller and Pickett, 2005; Mueller et al., 2005) or estuary (George, 1994; Mueller

33

Figure 3.1: Map of the Bar River Formation outcrops around (A) Flack Lake with station
numbers and (B) Endikai Lake. Sample locations, and locations of stations where six
stratigraphic sections were drawn in Figure 3A are listed in Table 3.2. Modified after
Giblin et al. (1979).
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Table 3.2: Station numbers listed in Figure 3.1 along with sample and photo locations, and
locations of stratigraphic sections and drawings.
Station Number

Samples

Sections

Drawings

Figures

Station 213

RA-14-24

-

-

3.16 D

3.1

3.15

3.2 B

RA-14-84
Station 214

RA-14-26 to RA-14-29
RA-14-45

3.14 C

RA-14-52 to RA-14-56
Station 215

RA-14-01

-

-

-

Station 216

RA-14-02

-

-

-

3.11

-

3.4 B

RA-14-03
Station 217

RA-14-04
RA-14-07 to RA-14-12

3.5 D

RA-14-30

3.16 B

RA-14-38 to RA-14-40

3.16 C

RA-14-46 to RA-14-50
RA-14-85
Station 218

RA-14-05

-

-

-

-

-

3.4 D

RA-14-06
Station 227

RA-14-57 to RA-14-59

3.5 A

Station 228

RA-14-60 to RA-14-71

3.9

-

3.4 A
3.14 D
3.16 A

Station 230

RA-14-13

-

-

-

Station 232

RA-14-14

-

-

3.2 A

Station 233

RA-14-15 and RA-14-15A

-

-

-

Station 234

RA-14-16

-

-

-
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Table 3.2 (continued): Station numbers listed in Figure 3.1 along with sample and photo
locations, and locations of stratigraphic sections and drawings.
Station Number

Samples

Sections

Drawings

Figures

Station 236

RA-14-17 to RA-14-20

-

-

3.2 C

RA-14-21A

3.7

3.13

3.6 A to D

RA-14-31 to RA-14-37

3.8

RA-14-88
Station 238

3.14 A

RA-15-51

3.14 B

RA-14-77 to RA-14-82
Station 245

RA-14-25

-

-

-

Station 249

RA-14-41

-

-

-

Station 250

RA-14-42

-

-

-

Station 253

RA-14-43

-

-

-

3.12

3.3

3.2 D

RA-14-44
Station 259

RA-14-72
RA-14-72A

3.4 C

RA-14-73 to RA-14-76

3.5 B
3.5 C

Station 265

RA-14-91

-

-

-

RA-14-92
Station 267

RA-14-86

-

-

-

Station 269

RA-14-89

-

-

-

Station 270

RA-14-90

-

-

-

Station 271

-

-

-

-
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Figure 3.2: Sedimentary lithofacies of the Bar River Formation. White arrows indicate
tops. (A) Quartz arenite breccia lithofacies (QAB) at Flack Lake. Scale, camera lens cap, 5
cm diameter; (B) Planar and cross-bedded sandstone lithofacies (PCBS) displaying
tangential cross-bedded sandstone (TCBS) and planar bedded sandstone (PBS) at station
214. Scale, hammer, 36 cm; (C) Bi-directional cross-stratification in the PCBS at
Christman Creek. Scale bar given in figure; (D) Hematite-stained, PCBS showing
herringbone cross-stratification (HBCS) at station 259. Scale, hammer, ~40 cm.
and Pickett, 2005; Mueller et al., 2005). The quartz-rich nature of the clasts suggests potential
syn-depostional silcretization or consolidation of upper quartz-rich layers. The presence of
desiccation cracks in sandstones immediately overlying the QAB also point to periodically
emergent conditions. The first two mechanisms require a shallow water depositional
environment with periodic subaerial exposure, such as a shallow marine beach-bar environment
(Nilson, 1965; Selleck, 1978). However, sporadic exposure of the lithofacies means that the third
mechanism cannot be completely ruled out.
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3.2

Planar and cross-bedded sandstone lithofacies (PCBS)

The planar and cross-bedded sandstone lithofacies (PCBS) is 0.6-3.8 m thick, and is exposed in
almost all outcrops along Highway 639, in cliff sections along hiking trails within Mississagi
Provincial Park, and around Flack, Christman and Semiwhite lakes (Tables 3.1, 3.2; Figure 3.1).
It predominantly consists of medium- to fine-grained sandstones with coarser grained sandstones
near the base of the Bar River succession. The sandstone is well sorted and contains well
rounded grains. The primary sedimentary structures in the PCBS are tangential cross-beds, which
are preserved in sets of tabular strata, with subordinate planar and wavy bedding, trough and
planar cross-bedding (Figure 3.2 B). The tangential, planar and trough cross-beds are primarily
high angle (>15º) and 2-50 cm thick, with foresets displaying multiple dip directions (Figure 3.2
C). Other sedimentary structures include planar and cross-laminae, and herringbone crossstratification (Figure 3.2 D, 3.3). Local desiccation cracks were identified on bedding planes of
fine-grained sandstones (Figure 3.4 A, B, C), and bedding surfaces are locally characterized by
symmetrical to asymmetrical, straight, sinuous to bifurcating, and interference wave ripples
(Figures 3.4 D; 3.5 A, B, C). Fresh surfaces are predominantly white (Munsell Colour 5Y10/N)
to brown (Munsell Colour 5Y 9/8) to pink (Munsell Colour 5RP 9/2). At station 217, fresh
surfaces are red (Munsell Colour 5Y10/N) to pink (Munsell Colour 5R8/10) (Figure 3.5 D) as a
result of hematite staining. At station 259, hematite-stained PCBS is white (Munsell Colour 5R
9/2) and purple (Munsell Colour 5R 1/2), wherein the purple colour results from the presence of
hematite cement and the white colour is due to the presence of silica cement and/or micaceous
matrix. Minor mudstone/siltstone drapes (>0.5 cm thick) were identified near the top of the
hematite-stained PCBS outcrop at station 259.
The upper and lower contacts with the siltstone/mudstone lithofacies (SM) are sharp, but appear
non-erosive (Figures 3.6 A, B; 3.7, 3.8), whereas the contact with the overturned, cross-bedded
sandstone lithofacies (OCBS) is gradational (Figures 3.7, 3.8). The PCBS shares a sharp and
erosive upper contact with the tangential cross-bedded pebbly granulestone lithofacies (TCBPG)
(Figures 3.7, 3.8). The upper and lower contacts with the planar and cross-bedded sandstone with
siltstone interbeds lithofacies (PCBSSI) are gradational (Figures 3.9, 3.10). The lower contact
between the pink PCBS and the PCBPPS and upper contact with the hematite-stained PCBS
could not be determined in the field (Figures 3.11, 3.12).
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Figure 3.3: Detailed drawing section of station 259 showing herringbone cross-stratification
and planar bedding of hematite-stained PCBS.

3.2.1

Interpretation

The presence of quartz arenite indicates high to low energy, bedload transport brought about by
traction currents (Eriksson et al., 1981; George, 1994; Mueller and Pickett, 2005; Mueller et al.,
2005). The herringbone cross-strata and local mudstone/siltstone drapes support a tidal origin for
this lithofacies (George, 1994; Mueller and Pickett, 2005). The tabular, tangential/planar and
trough cross-bedded sandstone represents the migration of straight- to sinuous-crested dunes
(Eriksson et al., 1981; Haddox and Dott, 1990; George, 1994; Mueller and Pickett, 2005;
Mueller et al., 2005), whereas the mudstone/siltstone drapes indicate deposition from suspension
settling during slack-water periods (George, 1994; Mueller and Pickett, 2005; Mueller et al.,
2005; Louterbach et al., 2014). Interbedded planar bedded sandstones were formed in the upper
flow regime in response to periodic changes in water levels (Eriksson, 1979). The influence of
waves is primarily indicated by the presence of wave ripples, and planar and wavy laminated
beds, whereas desiccation cracks indicate periodic tidal emergence (Klein, 1977; George, 1994;
Haddox and Dott, 1990). Such tidally influenced sandstones have been described from both
ancient and modern tidal inlets sequences (Hobday and Tankard, 1978; Komar, 1996) and also
from modern and ancient tide-dominated estuaries (Dalrymple et al., 1992; Richards, 1994).
The pink/red and purple colours of the PCBS result from the presence of hematite (Wood, 1970;
Busigny and Dauphas, 2007). This is supported by petrographic and x-ray diffraction analyses,
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which indicate the presence of hematite cement. The following three processes have been
suggested for the formation of hematite cement in purple beds: (1) precipitation of hydrous

Figure 3.4: Sedimentary structures of the PCBS. White arrows indicate tops. (A)
Desiccation cracks (DC) at station 228. Scale, pencil, 15 cm; (B) Pink PCBS displaying
desiccation cracks (DC) on an exposed bedding surface at station 217. Scale, pencil, 15 cm;
(C) Hematite-stained PCBS with desiccation cracks (DC) on an exposed bedding surface at
station 259. Scale, pencil, 15 cm; (D) Asymmetric straight-crested ripples (RM) at station
227. Scale, pencil, 15 cm.
ferric oxide where Fe-rich reducing fluids are exposed to oxidizing conditions, followed by
subsequent dehydration to goethite and then to hematite (Wood, 1970; Busigny and Dauphas,
2007), (2) a detrital origin wherein amorphous iron compounds derived from a lateritized basaltic
source is deposited with sediments and are converted to hematite at a later time (Van Houten,
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1968; Hubert and Reed, 1978), and (3) intrastratal solution of iron-bearing silicates such as
pyroxene, amphibole and biotite (Walker, 1967; Hubert and Reed, 1978).

Figure 3.5: Sedimentary structures of the PCBS. White arrows indicate tops. (A) Sinuous
to bifurcating symmetrical ripples (RM) at station 227. Scale, pencil, 15 cm; (B) Hematitestained PCBS with symmetrical, sinuous to bifurcating ripple marks (RM) at station 259.
Scale, pencil, 15 cm; (C) Hematite-stained PCBS with asymmetrical, straight to sinuous
ripple marks (RM) at station 259. Scale, pencil, 15 cm; (D) Pink PCBS at station 217. Scale,
hammer (red circle), 36 cm.
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Figure 3.6: Sedimentary lithofacies of the Bar River Formation. White arrows indicate
tops. (A) Siltstone/mudstone lithofacies (SM) and the underlying PCBS at station 238 (W).
Scale, field notebook, length ~19 cm; (B) The SM and overlying PCBS at station 238 (E).
Scale, pencil, 15 cm; (C) Overturned, cross-bedded sandstone lithofacies (OCBS)
displaying simple recumbent overturned cross-beds (SOCB) at station 238 (E). Scale,
pencil, 15 cm; (D) Complex overturned cross-beds (COCB) in the OCBS and the contact
with the overlying tangential cross-bedded pebbly granulestone lithofacies (TCBPG) at
station 238 (W). Scale, hammer, 36 cm.
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Figure 3.7: Stratigraphic section at station 238 (W) displaying the PCBS, SM, OCBS and
tangential cross-bedded pebbly granulestone lithofacies (TCBPG).
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Figure 3.8: Stratigraphic section at station 238 (E) displaying the PCBS, SM, OCBS and
TCBPG lithofacies.
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Figure 3.9: Stratigraphic section at station 228 displaying the PCBS and planar and crossbedded sandstone with siltstone interbeds lithofacies (PCBSSI).
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Figure 3.10: Stratigraphic section at station 214 displaying the features of the PCBS and
PCBSSI lithofacies.
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Figure 3.11: Stratigraphic section at station 217 displaying the features of the PCBS, SM,
and pebbly, cross-bedded, pink to purple sandstone lithofacies (PCBPPS).
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Figure 3.12: Stratigraphic section at station 259 displaying the hematite-stained PCBS.
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3.3

Siltstone/mudstone lithofacies (SM)

The siltstone/mudstone lithofacies (SM) is exposed at only two outcrops (station 238 and station
217) and is 22 and 30 cm thick in an otherwise quartz-rich succession (Tables 3.1, 3.2; Figures
3.1, 3.6 A and B, 3.7, 3.8). This lithofacies contains planar laminae, and is green (Munsell colour
5GY 9/12) and purple (Munsell colour 5R 4/4) (Figure 3.6 A, B). The purple colour results from
the presence of hematite, whereas the green colour can be attributed to the presence of ferrous
iron within the siltstone. Unlike the rest of the Bar River succession in which fine-grained units
occur as drapes or as thin, laterally discontinuous units beds, the 22 cm thick green
siltstone/mudstone is the only fine-grained unit that is laterally continuous. The basal and upper
contacts with the PCBS are sharp (Figures 3.6 A, B, 3.7, 3.8), whereas the lower and upper
contacts of the purple siltstone are obscured by soil cover.

3.3.1

Interpretation

The SM is interpreted to be the product of low energy suspension sedimentation in calm water
(Eriksson et al., 1981; Mueller and Pickett, 2005; Mueller et al., 2005). Horizontal laminae
within the siltstone may indicate subtidal deposition from suspension settling near or below wave
base (Eriksson et al., 1981). Deposition in a subtidal channel setting is inferred based on the
absence of desiccation features, mud curls and rill marks, which indicate local emergence
(Mueller and Pickett, 2005). Isolated, thick, and laterally extensive laminated siltstone units
within an otherwise tidally influenced quartz-rich succession could potentially indicate single
depositional events related to waning storm currents (Eriksson et al., 1981). Alternatively,
abandonment of a main tidal inlet or lateral tidal inlet migration would result in suspension
settling of silts, on the landward side of a barrier bar complex, as a result of restricted wave and
tidal action (Moslow and Tye, 1985; Mueller and Pickett, 2005). Fine-grained siltstone/mudstone
units commonly cap major channels in tidally influenced estuarine settings (Richards, 1994).
This lithofacies compares favorably with submerged channel and slope margin deposits
described from macrotidal estuaries of the Rhine-Meuse-Scheldt and Cobequid Bay - Salmon
River systems (Oomkens and Terwindt, 1960; Nio et al., 1980; Dalrymple et al., 1990, 1992).
The green siltstone, which is in sharp contact with the underlying quartz arenite, could also
indicate a sudden marine incursion over a tidal inlet-barrier bar complex (Blair and Bilodeau,
1988; Mueller et al., 2005).
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The green colour of the siltstone potentially results from the presence of ferrous iron within the
crystal structure of clays/micas, in the absence of hematite, organic matter and iron sulphides
(McBride, 1974; Tucker, 1991). It may have resulted from reduction of hematite in red siltstone
by pore waters (McBride, 1974; Tucker, 1991). The purple colour of the 30 cm thick siltstone
unit potentially results from the presence of hematite (Wood, 1970; Busigny and Dauphas,
2007). The processes responsible for the formation of hematite cement in purple coloured beds
are discussed in Section 3.2.

3.4

Overturned, cross-bedded sandstone lithofacies (OCBS)

The 2-4 m thick OCBS is exposed at station 238 (Tables 3.1, 3.2; Figures 3.1, 3.6 C and D, 3.7,
3.8). Individual bedsets range from 7-36 cm thick, with an average thickness of 15.5 cm.
Overturned cross-beds are preserved in tabular strata, and include simple recumbent-folded,
deformed cross-bedding, with axial planes running parallel to the top and base of the deformed
unit (Figure 3.6 C), and more complex types with numerous small folds of differing shape, size
and axial plane orientation (Figure 3.6 D). Some of the overturned cross-beds show a lateral
transition from the complex type to recumbent cross-beds to simple trough cross-beds. The
overturned cross-beds dip to the present-day south, and are interbedded with planar, and
tangential cross-bedded and subordinate trough cross-bedded, planar bedded or planar laminated
sandstone (6-44 cm thick). Individual planar and tangential cross-bed sets are 2-40 cm thick and
like the overturned cross-beds, dip to the south. Weathered surfaces are grey (Munsell colour 5Y
7/N) and commonly have a pitted appearance (Figure 3.6 D), whereas unweathered surfaces are
light brown (5Y 9/4). The basal and upper contacts with the PCBS are gradational and nonerosive, whereas the contact between the OCBS and the overlying tangential cross-bedded
pebbly granulestone lithofacies (TCBPG) appears sharp, but non-erosive (Figures 3.6 D, 3.13).

3.4.1

Interpretation

Rice (1939) proposed that gravity sliding down the frontal face of an advancing cross-bedded
unit was responsible for the formation of simple, overturned cross-bedding. This idea, however,
was rejected by Robson (1956) in light of the fold shapes that he observed. Robson (1956)
instead suggested that these structures were a result of current drag produced by sand-laden
water, a view supported by Hendry and Stauffer (1975). McKee et al. (1962) conducted flume
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experiments wherein they were able to replicate simple, recumbent, overturned cross-beds by
subjecting the tops of cross-laminated units to strong sediment-laden current drag. The crossbeds generated by McKee et al. (1962) displayed shear discontinuities, faults and an overly sharp
curvature of the hinge of the deformed cross-beds. These observations were contrary to that
observed in nature wherein simple, overturned cross-beds display smooth and unfaulted fold
shapes, which indicate that the sand body was liquidized prior to deformation (Allen and Banks,
1972; Allen, 1982; Mills, 1983). Allen and Banks (1972) developed a theoretical model that
showed that overturned cross-beds could be generated by river or tidal currents, provided that the
sand body was liquidized. Allen (1982) argued that liquefaction of sand beds could occur only
locally under conditions of intense and rapid stress, such as that suggested by McKee et al.
(1962), and that a more gradual application of smaller stresses was required to generate simple,
overturned cross-beds.
Unidirectional current drag is common in fluvial deposits (e.g. Rice, 1939; Selley, 1969);
however a few examples have been described from shallow marine (e.g. Nilson, 1965; Smith,
1967; Hobday and Tankard, 1978), fluvial estuarine (e.g. Sultan and Plink-Bjorklund, 2006) and
aeolian depositional environments (e.g. Doe and Dott, 1980). Therefore, the overturned crossbeds can be attributed to current drag of a liquefied sand body brought about by strong
unidirectional currents. Liquefaction would have been caused by vertical expulsion of water
through the sand body as it tried to attain tighter grain packing, or by seismic activity (Allen and
Banks, 1972; Selley, 1988).
The hinges of the overturned cross-beds in the Bar River Formation primarily point south, and
considering the inferred south facing coastline for the upper Huronian formations (Dietz and
Holden, 1966; Roscoe and Card, 1993), the overturned cross-beds are interpreted to be seawarddipping. Processes responsible for such seaward-dipping currents in channel fill sequences are
(1) ebb-tidal currents (Kumar and Sanders, 1974; Hayes, 1980; Komar, 1996); (2) rip currents
(Cook, 1970; Eriksson, 1979) and (3) river water flow (Selley, 1969). A tidal origin for the Bar
River

Formation

is

indicated

by the

presence

of

herringbone

cross-stratification,

mudstone/siltstone drapes and desiccation cracks throughout the succession at Flack Lake.
Overturned cross-beds have been described from tidal inlet sequences (e,g. Hobday and Tankard,
1978) wherein the overturned cross-beds were interpreted to be the products of storm surge ebb51

currents (Hobday and Tankard, 1978). Such ebb-currents augment rip current strength on broad,
shallow shelves and produce seaward-pointing overturned crossbeds (Hobday and Tankard,
1978), however there was no compelling evidence to suggest storm surge deposition in the case
of the Bar River Formation. Overturned cross-beds have also been described from ancient fluvial
deposits associated with tidally influenced deposits interpreted to be products of tide-dominated
estuaries (Sultan and Plink-Bjorklund, 2006). In this case, the overturning was attributed to
strong drag produced by the overriding current (Sultan and Plink-Bjorklund, 2006).

Figure 3.13: Detailed drawing at station 238 (W) showing simple, recumbent and complex
overturned cross-beds of the OCBS, and planar bedded and tangential cross-bedded
granulestones of the TCBPG.

52

3.5

Tangential cross-bedded pebbly granulestone lithofacies
(TCBPG)

The 3.5 m thick tangential cross-bedded, pebbly granulestone lithofacies (TCBPG) was
identified at station 238 (Tables 3.1, 3.2; Figures 3.1, 3.6 D, 3.7, 3.8, 3.14 A, B) and is primarily
composed of granule-sized quartz grains with pebble-sized grains along cross-bed foresets. The
TCBPG is primarily characterized by tabular strata displaying tangential cross-bed foresets with
subordinate planar bedded strata (6-20 cm thick). Individual cross-bed sets are 6-70 cm thick,
high angle (~15º) and with foresets dipping south. This lithofacies is friable, well sorted and
contains well-rounded quartz grains. Fresh surfaces are primarily white (Munsell colour 5Y
10/N) to light brown (Munsell Colour 5Y 9/2). The contact with the underlying PCBS is sharp
and erosive (Figures 3.8, 3.14 B), whereas the basal contact with the OCBS appears sharp, but
non-erosive (Figure 3.6 D, 3.7, 3.13). The upper contact with the PCBS also appears nonerosive.

3.5.1

Interpretation

The TCBPG is interpreted to result from the migration of straight-crested, gravelly-sandy
bedforms in the lower flow regime (Kumar and Sanders, 1974; George, 1994). Such coarse sand
and/or gravel deposits generally accumulate close to a channel bottom (Barwis, 1978). The
erosive lower contact, stratigraphic location at the base of what appears to be a fining-upward,
tidally influenced sequence, and the sudden change in grain size from the underlying medium- to
fine- grained sandstones implies that this lithofacies may represent the base of a tidal inlet fill
sequence (George, 1994; Komar, 1996). The cross-bed foresets of the TCPBG primarily point in
a southerly (seaward) direction, which indicates a predominance of ebb-dominated tidal flows
(Hayes, 1980). Such ebb-directed bedforms are commonly seen in the deeper portion of tidal
inlet channels and have been described from both modern and ancient tidal inlet fill sequences
(e.g. Kumar and Sanders, 1974; Hobday and Tankard, 1978; Hayes, 1980; George, 1994; Komar,
1996). The erosional base, extensive tangential cross-stratification, coarse grain size, association
with tidally influenced deposits, greater thickness of beds, and absence of features indicating
subaerial exposure also suggest that the TCPBG was potentially deposited as tidal sand bars
within a subtidal environment (Sultan and Plink-Bjorklund, 2006). Such large tidal sand bars
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Figure 3.14: Sedimentary lithofacies of the Bar River Formation. White arrows indicate
tops. (A) The TCBPG with tangential cross-beds at station 238 (W). Scale, hammer (red
circle), 40 cm; (B) The TCBPG, person pointing at the contact with the underlying PCBS at
station 238 (E). Scale, person, 186 cm; (C) The planar and cross-bedded sandstone with
siltstone interbeds lithofacies (PCBSSI) showing herringbone cross-stratification (HBCS),
tangential/trough cross-bedded sandstone (TCBS) and a siltstone interbed (SI) at station
214. Scale, hammer (red circle), 36 cm; (D) The PCBSSI displaying asymmetric, sinuous to
bifurcating ripple marks (RM) and desiccation cracks (DC) on an exposed bedding surface
at station 228. Scale, pencil, 15 cm.
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commonly occur in the seaward portions of most macrotidal environments (Dalrymple et al.,
1990) and have been described from estuaries, tide-dominated delta fronts and tide-dominated
shallow-marine settings (Swift, 1975; Dalrymple et al., 1990; Sultan and Plink-Bjorklund, 2006).

3.6

Planar and cross-bedded sandstone with siltstone interbeds
lithofacies (PCBSSI)

The 3-7 m thick PCBSSI is composed primarily of sandstone (>95%) with minor siltstone
interbeds (<5%) and is exposed at Stations 228 and 214 (Tables 3.1, 3.2; Figures 3.1, 3.9, 3.10,
3.14 C, 3.15). The beds are medium- to very fine-grained, 1-35 cm thick, white (Munsell Colour
5Y 10/N), brown (Munsell Colour 5Y 9/8), pink (Munsell Colour 5RP 8/6) and green (Munsell
Colour 5GY 6/8). Sedimentary structures include planar, tangential and trough cross-beds, crosslaminae, ripples, herringbone cross-strata, planar to wavy beds and planar laminae (Figures 3.14
C, D, 3.15). In addition, desiccation cracks were commonly observed on bedding surfaces
(Figures 3.14 D, 3.16 A). Individual cross-bed sets contain foresets dipping both north and south.
The green siltstone interbeds are 0.5-9 cm thick, planar laminated, lack lateral continuity, and
contain alternating bands of siltstone and very fine-grained to medium-grained sandstone. The
lower and upper contacts between the PCBSSI and PCBS are gradational (Figures 3.9, 3.10).

3.6.1

Interpretation

The association of thick sandstone deposits together with thin interbeds and drapes of siltstone
indicate fluctuating water energy conditions (Mueller and Pickett, 2005; Mueller et al., 2005).
The sandstones are indicative of high to low energy, traction current related, bedload transport,
whereas the siltstone interbeds and drapes indicate deposition from suspension settling during
slack-water periods (George, 1994; Mueller and Pickett, 2005; Mueller et al., 2005; Louterbach
et al., 2014). This combination of depositional processes can be attributed to the influence of
tidal currents (Dalrymple, 1992; George, 1994; Mueller and Pickett, 2005; Mueller et al., 2005).
Interbedded planar bedded sandstones were potentially formed in the upper flow regime in
response to periodic changes in water levels (Eriksson, 1979). Siltstone drapes formed from
suspension settling of clays during slack-water periods could have undergone desiccation at low
tide to yield siltstone/mudstone skins (Eriksson et al., 1981). Mudstone or siltstone drapes
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Figure 3.15: Detailed drawing at station 214 showing herringbone cross-stratification,
tangential cross-bedding, planar and wavy bedding, and siltstone interbed in the PCBSSI.
between bedforms rather than on cross-bed foresets are usually associated with large-scale tidal
cycles (e.g. spring tides) (Corcoran et al., 1998). Desiccation cracks indicate deposition in
shallow water with periodically emergent conditions (Klein, 1977; Haddox and Dott, 1990).

3.7

Pebbly, cross-bedded, pink to purple sandstone lithofacies
(PCBPPS)

This 2 m thick PCBPPS was observed at one outcrop (Station 217; Tables 3.1, 3.2; Figures 3.1,
3.16 B, 3.11). Medium- and fine-grained sandstone, 1-20 cm thick, contains tangential crossbeds with pebble-sized clasts along foresets, pebble lags, and planar and wavy beds. Tangential
cross-beds, 4-14 cm-thick contain foresets that point in opposing directions. Fresh surfaces are
56

pink/purple (Munsell colour 5R 4/10), and this colour can be attributed to the presence of
hematite cement in the sandstones. Planar laminated units display alternating bands of finegrained and medium-grained sandstone. Clasts are primarily composed of mudstone, however a
few clasts of siltstone composition were also observed. These clasts are primarily purple

Figure 3.16: Sedimentary lithofacies of the Bar River Formation. White arrows indicate
tops. (A) The PCBSSI with desiccation cracks (DC) on an exposed bedding surface at
station 228. Scale, pencil, 15 cm; (B) The PCBPPS containing purple pebbles along foresets
and at the base of the overlying sandstone at station 217. Scale, pencil, 15 cm; (C) The
PCBPPS with desiccation cracks (DC) on an exposed bedding surface at station 217. Scale,
pencil, 15 cm; (D) Large-scale, cross bedded sandstone lithofacies (LSCBS) displaying 1.5
m thick cross-bed sets at station 213. Scale, field note book, length, ~19 cm.
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(Munsell colour 5R 1/2) (Figure 3.16 B) with minor green clasts (Munsell colour 5GY 9/6).
Desiccation cracks (Figure 3.16 C) and ripples were also observed, particularly in the upper part
of this lithofacies. The contact with the underlying SM and the overlying pink PCBS could not
be established in the field (Figure 3.11).

3.7.1

Interpretation

The pebbles along foresets and between bedding planes could potentially be interpreted as rip-up
clasts. Rip-up clasts have been reported from fluvial, estuarine, tidal, shallow and deep marine
environments (Mutti and Neilson, 1981; Winn et al., 1984; Allen, 1980; Rahmani, 1988;
Garzanti, 1991). The presence of cross-bed foresets pointing in opposing directions, evidence of
tidal influence in the overlying lithofacies, local desiccation cracks, rip-up clasts and interference
wave ripples suggests deposition in very shallow water; perhaps in the intertidal zone (Hiscott,
1982). Mud clasts associated with tidally influenced sandstones are commonly found in estuarine
deposits (Rahmani, 1988). Such rip-up clasts may originate in tide-influenced settings, where
mud drapes are deposited during slack water periods and are subsequently reworked during highenergy periods (Allen, 1980). The mudstone clasts were potentially derived from the underlying
purple siltstone/mudstone or from an adjacent tidal flat.

3.8

Large-scale, cross-bedded sandstone lithofacies (LSCBS)

The LSCBS is exposed at station 213 (Tables 3.1, 3.2; Figures 3.1, 3.15 D), where a tangential
cross-bed set is ~1.5 m thick (Figure 3.15 D). The foresets are high angle (15º) and dip to the SE.
The cross-bed set displays a tangential relationship with the underlying planar bedded sandstone.
Fresh surfaces are white (Munsell colour 5Y 10/N) to brown (Munsell colour 5Y 9/4). Light
pink/purple (Munsell colour 5RP 8/8) staining is present on some exposed surfaces. The basal
and upper contacts with the PCBS appear to be non-erosive.

3.8.1

Interpretation

Large-scale, tangential cross-beds have been described from a variety of hydrodynamic regimes
(Dalrymple et al., 1978; Dalrymple, 1984; Richards, 1994) and are interpreted to reflect the
migration of straight crested 2D dunes under conditions of unidirectional flow (e.g. Dalrymple et
al., 1978; Richards, 1994). Although this lithofacies does not directly exhibit tidal signatures, its
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association with the tidally influenced lithofacies suggests that it was deposited by tidal
processes (Nio and Yang, 1991). Large-scale, trough cross-beds that are associated with tidalrelated lithofacies are generally interpreted as products of: (1) dune migration in deep tidal
channels (Kumar and Sanders, 1974; George, 1994), (2) migration of swash bars across the top
of a tidal inlet fill (Hayes, 1980), or (3) growth and migration of tidal channel bars (Willis, 2005)
in association with tidal inlet fill sequences of barrier bar complexes. Such large-scale cross-beds
of tidal origin have also been described from sub-tidal channels associated with tide-dominated
estuaries in both modern (Cobequid Bay, Canada) (Dalrymple et al., 1978) and ancient (Lower
Triassic of Barles, Alpes de Haute Provence, France) (Richards, 1994) settings (Rahmani, 1988).
However, the isolated occurrence of the LSCBS makes its interpretation speculative at best.

3.9

Microbially Induced Sedimentary Structures (MISS)

Microbially induced sedimentary structures (MISS; Noffke et al., 1996) are known to develop
during growth, metabolism, destruction and decay of microbial mats in siliciclastic-dominated
environments (Schieber, 2004). Modern microbial mats live in hypersaline lagoons and near
hydrothermal vents where they can escape grazing by benthic organisms (Johnston, 2010,
Bouougri et al., 2012), however, the absence of grazing organisms during the Proterozoic would
have resulted in microbial mats colonizing a wide variety of clastic sedimentary environments
(Bouougri et al., 2012). This in turn would have resulted in such microbial mats improving the
cohesiveness of sand grains and decreasing erodibility of the sediment (Schieber et al., 2007;
Sarkar et al., 2008; Eriksson et al., 2012). It is for this reason that a greater number of MISS are
preserved in rocks of the Proterozoic compared with the Paleozoic (e.g. Eriksson et al., 2000;
Bouougri and Porada, 2002; Noffke et al., 2006; Schieber et al., 2007).

Linear and curved structures on bedding planes of the Bar River Formation have previously been
identified as mudcracks and/or synaeresis cracks (Wood, 1970; Wright and Rust, 1985; Rust and
Shields, 1987 and references therein). The current investigation does confirm that the polygonal
structures identified on bedding planes are desiccation cracks, but curved cracks are more akin to
those produced by destruction of microbial mats (e.g. Figure 3.4 B, 3.14 D) (Bouougri and
Porada; 2002). Schieber’s (2004) process related classification scheme is utilized to classify
desiccation cracks identified on bedding surfaces of the Bar River Formation. This scheme
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identifies features that form during mat growth, metabolism, physical destruction, and decay. Of
these, only the latter two were identified in the Bar River Formation at Flack Lake.
In the study area, features indicative of mat destruction include sand cracks, and microbial sand
and silt chips. Sand cracks are produced during rupture of microbial mats overlying sandy or
silty substrates, either due to stress by wind or water, or desiccation (Gerdes, 2007; Eriksson et
al., 2007b). Features representing single incipient tears were identified in the Bar River
Formation and range from 0.5 to 1.5 cm in size (Figure 3.17 A). Sand-filled, triradiate cracks
ranging from 0.5-9.5 cm were also identified and are inferred to have formed from the infilling
of microbially induced cracks by sandy sediment (Figure 3.17 B). Locally, the crests of rippled
surfaces are characterized by the presence of cm-scale cracks (Figure 3.17 C) that may have
formed as a result of fluid expulsion from beneath microbial mats. Mat chips, 2.5-3 cm long
were identified from a single location within the hematite-stained PCBS (Figure 3.17 D). These
mat chips develop from high-energy erosion of desiccated, mat-adhered sand (Schieber, 2004;
Erikssen et al., 2007a). Microbial sand and silt chips, a few cm long were identified on a single
bedding surface of the PCBPPS (Figure 3.18 A), which is indicative of reworking and erosion of
desiccated silt and sand surfaces during flooding by tidal currents and/or wave-generated
geostrophic currents (Bouougri and Porada, 2002).
Microbial mat decay features in the form of pyrite patches and iron-rich (hematite-rich) laminae
were only observed in the hematite-stained PCBS lithofacies. Pyrite patches were identified in
the troughs of interference ripples (Figure 3.18 B) and are inferred to represent the locations of
former microbial mats. The community structure within microbial mats is typically characterized
by the presence of a cyanobacteria dominated upper layer (Johnston, 2010). These cyanobacteria
act as primary producers within the community structure and can operate as either oxygenic or
anoxygenic photoautotrophs using sulfide rather than water (Cohen et al. 1986; Johnston, 2010).
Downward into the microbial mat, the photoautotrophic cyanobacteria are replaced by sulfatereducing heterotrophic bacteria close to the base of the mat structure (Johnston, 2010). These
sulfate-reducing heterotrophs feed off the organic matter produced by the upper cyanobacterial
photoautotrophs, and in turn produce sulphide, which moves back up through the mat to feed the
photoautotrophs (Johnston, 2010). Thus, microbial mats are characterized by a thin oxic upper
layer and anoxic lower part. This anoxic lower part is conducive to the formation of reduced
minerals, such as pyrite (Berner, 1984; Gerdes et al., 1985) and could explain the presence of
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pyrite patches. Iron-rich laminae are locally wavy (Figure 3.18 C) and cross-laminated. Purple,
iron-rich laminae alternate with white, quartz-rich laminae, wherein the iron-rich laminae
represent periods of calm hydrological conditions during which microbial mats could grow, and
the quartz-rich laminae represent higher energy conditions which hindered the growth of these
mats (Noffke et al., 2002; Druschke et al., 2009).

Figure 3.17: Mat-destruction features identified in the Bar River Formation. Scales include
pencil (15cm) and camera lens cap (5 cm). (A) Single incipient tears preserved in finegrained sandstone; (B) Curved sand cracks filled from above preserved in fine-grained
sandstone; (C) Curved cracks confined to the crests of interference ripples preserved in
fine-grained sandstone; (D) Microbial mat chips preserved in iron stained, fine-grained
sandstone.
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Figure 3.18: Mat-destruction and decay features identified in the Bar River Formation.
Scales include pencil (15cm) and camera lens cap (5 cm). (A) Microbial sand and silt chips
preserved in fine-grained sandstone; (B) Pyrite patches preserved in the troughs of
interference ripples in fine- to medium-grained sandstone; (C) Wavy iron laminae
preserved in fine- to medium-grained sandstone.

3.10 Paleocurrent Analysis
Strike and dip measurements were taken on three dimensional surfaces of cross-bed foresets and
asymmetric ripple marks for paleocurrent analysis. The strikes and dips of associated bedding
were also measured and a bedding correction was applied to the data. A total of 132 readings
(128 tangential cross-beds and 4 asymmetric ripple marks) were measured from outcrops along
Highway 639, in addition to cliff exposures along hiking trails in and around the Flack Lake,
Helenbar Lake and Semiwhite Lake areas. Paleocurrent data are presented on a rose diagram,
which is a circular frequency histogram commonly used for directional data. Additionally,
Fisher's vector distribution was utilized to calculate the Fisher mean vector (Fisher, 1953).
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Analysis of modern fluvial systems reveals that divergence between cross-bed dips and flow
direction does occur (Miall, 1974). Paleocurrent analysis carried out by Smith (1972) over the
Platte River, Nebraska, reveals that foreset dips of transverse bars may deviate as much as 90⁰
from the flow direction. His data revealed that only 42.6% of the dip directions were within 10⁰
of the local current flow. However, his study also showed that the divergence observed was
symmetrical and that the mean foreset dip azimuth matched closely with the mean channel
direction. A study of bedform orientation versus dominant flow directions of a modern ebbdominated tidal inlet (Price Inlet, USA) was carried out by Komar (1996). Although some
variance was observed, he concluded that the overall bedform orientation was in the direction of
the dominant flow irrespective of the bedform size (ripples, megaripples and sandwaves). Thus,
bedforms deposited on marginal shoals and associated flood-dominated marginal channels
primarily had a flood-tidal orientation whereas strong ebb-directed currents in the main tidal inlet
channel produced ebb-oriented bedforms (Komar, 1996). Therefore, paleocurrent data when
combined with sedimentological results can be used to glean useful information about
paleogeography.
Prior paleocurrent analyses by Wood (1970) using cross-bed data and by Wright (1985) using
ripple marks indicate a polymodal trend. These data combined with the maturity of the Bar River
sedimentary rocks indicated deposition in a marine environment (Card, 1976; Chandler, 1986).
The paleocurrent analysis carried out by Rust and Shields (1987), by comparison, produced a bimodal trend with a dominant southerly direction, as supported by the presence of tide-generated
herringbone cross-strata throughout the succession. Rust and Shields (1987) suggested a
southward-dipping paleoslope similar to that inferred for the Lorrain Formation (Wood, 1973;
Lowey, 1985; Chandler, 1986). Based on this information, Rust and Shields (1987) interpreted
the Bar River Formation at Flack Lake as an ebb-dominated tidal inlet channel system.
In the present study, paleocurrent analysis results of outcrops at stations 214, 217, 238 and 259
are presented along with those for all 132 readings taken in the Bar River Formation (Figure
3.19). Outcrops at station 238 are stratigraphically lowest whereas those at station 214 occupy
the highest position. Outcrops at station 217 are stratigraphically lower than those at station 259
and both occupy intermediate positions in the stratigraphy. A wide variance was observed in the
paleocurrent directions at individual outcrop locations, however there is a clear dominance of
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one current direction at any given station. Similar observations were made by Terwindt (1971),
Dalrymple et al. (1978) and Komar (1996) while studying the mesotidal Haringvliet estuary,
Netherlands; Bay of Fundy, Canada; and ebb-dominated Price Inlet, USA respectively.
Paleocurrent analysis of these individual outcrops reveals a strong SSW trend at station 238
(Figure 3.19 A), whereas the remaining outcrops along Highway 639 display a polymodal trend
(Figures 3.19 B, C, D). The inferred south-facing coastline for the upper Huronian formations
and the strong southerly (seaward) trend of the cross-beds at station 238 indicates a
predominance of ebb-directed tidal flows (Hayes, 1980). Paleocurrent patterns at stations 217,
259 and 214 indicate reversals in flow directions. The paleocurrent patterns at these stations
exhibit strong landward (NNE-NE) and shore parallel (ENE-ESE) trends thereby indicating
stronger influence of flood-tidal currents (Hobday and Tankard, 1978; Komar, 1996). A similar
flood-tidal dominated pattern was observed by Wright et al. (1975) in the macrotidal Ord River
Delta in Australia and by Allen (1984) in the macrotidal Gironde Estuary in France where the
tidal influence reaches about 42 km and over 100 km upstream, respectively. This flood-tidal
dominance in tidally influenced estuaries is attributed to increasing speeds of flood tidal currents,
which result from the decreasing cross-sectional area of the funnel shaped estuary in the
upstream direction (Rahmani, 1988; Dalrymple et al., 1992). At the tidal limit, the frictional
dissipation exceeds the effects of this tidal amplification and the current strength reaches zero
(Dalrymple et al., 1992).
Combining all data reveals a complex polymodal paleocurrent pattern, which is typical of tidally
influenced channels, inlets and estuaries (deRaaf and Boersma, 1971; Rahmani, 1988). The
overall paleocurrent pattern reveals strong NE, ESE and SSE trends and a Fisher vector mean
pointing to the SE (Figure 3.19 E). Studies of modern channels show that the mean dip of crossbeds corresponds to the channel axis (Potter and Pettijohn, 1977, page 103; Selley, 1988). The
southward paleoslope inferred for the fluvial Lorrain Formation (Lowey, 1985) combined with
the SE vector mean derived from paleocurrent analysis of the Bar River Formation indicates the
southward paleoslope, which was present during deposition of the Lorrain Formation probably
persisted during deposition of the Bar River Formation. The SE vector mean combined with a
lack of paleocurrents pointing to the NW could also possibly indicate a source area to the NW.
The quartz-rich nature of the Bar River Formation combined with its textural and mineralogical
maturity suggests its derivation from a quartz-rich source NW of Flack Lake. This implies that
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older Huronian Supergroup sandstones or the older Archean succession NW of Flack Lake are
possible sources for the sediments of the Bar River Formation.

Figure 3.19: Rose diagrams of paleocurrent directions in the Bar River Formation at (A)
station 238 (B) station 217 (C) station 259 (D) station 214 and (E) overall.

3.11 Petrography
Twenty- nine sandstone samples from the Bar River Formation were point-counted using the
Indiana method. Eight grain categories, including matrix (grain size <0.03 mm) and cement were
chosen (Table 3.3). Grain parameters selected to determine overall composition, potential source
rocks and possible tectonic settings include: total quartz (Q) consisting of both mono- and
polycrystalline quartz, polycrystalline quartz/total quartz ratio (Qp/Q), total feldspar (F),
plagioclase to total feldspar ratio (P/F), and the relative percentages of quartz, feldspar and rock
fragments (QFR and QFL). The rock fragments were sedimentary or metamorphic and primarily
consisted of arenite, mudstone and gneiss. Finer grained samples were not point counted as they
were dominated by more than 25% micaceous matrix.
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The Bar River Formation samples are composed of very fine-grained to very coarse-grained
sandstone, but primarily consist of medium-grained sandstone (Figures 3.20 A-F). These samples
are well to very well sorted and contain rounded to very well rounded grains (Figures 3.20 A-B,
D-F). Many of the samples can be classified as quartz arenite, as indicated by the average QFR
ratio of 97:2.5:0.5. A few samples plot in the sub-arkose field (Figure 3.21 A). Fine-grained
deposits are rare in the Bar River Formation and are primarily a mixture of mudstone and wacke.
The Bar River sandstone is dominated by quartz, with monocrystalline quartz (Qm) being more
abundant than polycrystalline quartz (Figure 3.20 B), as indicated by the average Qp/Q ratio of
0.02. The average P/F ratio for samples containing feldspars (Figure 3.18 D) is 0.65. Lithic
fragments are primarily sedimentary or metamorphic (Figures 3.20 A, E), and the most common
accessory minerals are zircon and rutile. The Bar River samples contain an average of 6%
cement. Silica cement dominates the interstices of quartz arenite with little to no matrix (Figures
3.20 A, B, E); however hematite cement is also common in some samples (Figure 3.20 F).
Where silica cementation is lacking, the interstices are filled with white, green or brown mica
(matrix) (Figures 3.20 C, D). The matrix percentage of the Bar River samples is approximately
5%.
The point-counted samples of the Bar River Formation were plotted on the QFL ternary diagram
of Dickinson (1985), for basin-and-terrane analysis. The samples plot in the craton interior
provenance (Figure 3.21 B), which suggests that the Bar River sandstones were derived from
exposed shield areas and/or recycled from sequences deposited in a stable platform setting along
a rifted continental margin (Dickinson and Suczek, 1979; Dickinson, 1985). High quartz content
suggests that the detritus was derived from a low-relief interior craton, and experienced
prolonged transport (Dickinson and Suczek, 1979).
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Table 3.3: Point counting results from sandstones of the Bar River Formation. Grain
parameters include: Q = Qm + Qp wherein Qm is monocrystalline quartz and Qp is
polycrystalline quartz; F = P + K wherein P is plagioclase feldspar and K is potassium
feldspar; Lt = rock/lithic fragments; Ma% = matrix percentage; Cm% = cement
percentage; QFR/QFL= percentage quartz, feldspar and rock/lithic fragments in the
detrital fraction.
Qm

Qp

Qp/Q

P

P/K

Lt Ma% Cm% Total QFR/QFL

RA-14-03

Sample

364

9

373

Q

0.024

0

0

K
0

F

-

3

0.2

8

410

99:0:1

RA-14-08

360

11

371

0.030

1

0

1

1.00

1

2.2

8.6

418

99:0.5:0.5

RA-14-10

346

14

360

0.039

2

1

3

0.67

4

3.2

6.6

407

98:1:1

RA-14-11

361

1

362

0.003

0

0

0

-

3

3

8

410

99:0:1

RA-14-13

357

20

377

0.053

0

0

0

-

2

2.2

4.9

408

99.5:0:0.5

RA-14-14

342

9

351

0.026

0

0

0

-

2

1.2

11

402

99:0:1

RA-14-15

348

7

355

0.020

0

0

0

-

1

1

11.3

406

99.5:0:0.5

RA-14-20

259

3

262

0.011

29

8

37

0.78

2

11.1

1.2

343

87:12:1

RA-14-21

354

4

358

0.011

0

0

0

-

3

0.2

10.2

402

99:0:1

RA-14-23

361

15

376

0.040

0

0

0

-

0

0

8.5

411

100:0:0

RA-14-26

328

3

331

0.009

16

4

20

0.80

0

9.6

3.9

406

94:6:0

RA-14-30

317

6

323

0.019

23

18

41

0.56

2

10.2

0.7

411

88:11:1

RA-14-36

330

4

334

0.012

0

0

0

-

1

0.2

17

405

100:0:0

RA-14-38

316

1

317

0.003

32

7

39

0.82

0

11.4

0.7

405

89:11:0

RA-14-39

311

6

317

0.019

24

2

26

0.92

7

11.7

1.2

402

91:7:2

RA-14-46

338

5

343

0.015

7

2

9

0.78

6

9

1.8

401

96:2.5:1.5

RA-14-49

348

8

356

0.022

7

4

11

0.64

2

2.9

6.4

407

96.5:3:0.5

RA-14-50

363

6

369

0.016

6

2

8

0.75

2

6.6

1.2

411

97:2:1

RA-14-52

353

3

356

0.008

0

2

2

0.00

0

3

8.6

405

99:1:0

RA-14-55

348

0

348

0.000

25

5

30

0.83

3

5.9

0.7

407

91.5:7.5:1

RA-14-61

382

7

389

0.018

0

0

0

-

0

1.2

4.1

411

100:0:0

RA-14-66

344

6

350

0.017

0

0

0

-

3

14.3

0

412

99:0.0:1

RA-14-68

360

8

368

0.022

0

0

0

-

0

7.3

3.2

411

100:0:0

RA-14-69

353

15

368

0.041

0

0

0

-

3

7.4

1

405

99:0:1

RA-14-72A

358

2

360

0.006

5

5

10

0.50

0

8.6

0.2

406

97:3:0

RA-14-74

344

2

346

0.006

0

0

0

-

0

5.3

11.1

414

100:0:0

RA-14-75

364

8

372

0.022

0

1

1

0.00

0

7.1

1.2

408

100:0:0

RA-14-78

366

7

373

0.019

0

0

0

-

0

0.5

8.1

408

100:0:0

RA-14-81

356

4

360

0.011

0

0

0

-

1

0.2

11.7

410

100:0:0
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Figure 3.20: Petrographic characteristics of the Bar River Formation in the study area: (A)
Sample

RA-14-10

containing

well-rounded

mono-crystalline

quartz

(Qm)

and

metamorphic lithic fragments (Lf) in silica cement (Qc); (B) Sample RA-14-15 displaying
well-rounded mono-crystalline quartz (Qm) and polycrystalline quartz (Qp) in silica
cement (Qc); (C) Sample RA-14-29 containing sub-angular to well-rounded monocrystalline quartz (Qm) and potassium feldspar (Kf) in a micaceous matrix (Mm); (D)
Sample RA-14-38 displaying well-rounded mono-crystalline quartz (Qm), plagioclase
feldspar (Pf) and potassium feldspar (Kf) in micaceous matrix (Mm); (E) Sample RA-1421 displaying well-rounded mono-crystalline quartz (Qm) and sedimentary lithic fragments
(Lf) in silica cement (Qc); (F) Sample RA-14-74 containing well-rounded mono-crystalline
quartz (Qm). Note the hematite cement (Hc) between grains in the bottom half of the image
and micaceous matrix (Mm) in the upper half.

68

Figure 3.21: Ternary diagrams illustrating the compositions of samples from the Bar River
Formation. (A) QFR diagram of Folk et al. (1970), (B) QFL diagram of Dickinson (1985).
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Chapter 4

4

Geochemistry

Twenty-one sandstone and seven siltstone samples from the Bar River Formation were selected
for geochemical analysis to: (1) allow comparison with point-counting results, (2) shed light on
possible source areas, (3) discern the tectonic setting, and (4) determine the intensity of chemical
weathering. The samples were analyzed at the Geoscience Laboratories of the Ontario
Geological Survey in Sudbury, Ontario, Canada.

4.1

Major Elements

Major element contents, which are reported in Table 4.1, were determined by X-ray fluorescence
(XRF) using fused glass discs. Loss-on-Ignition (LOI) values, as determined using gravimetric
methods, are <2.5 wt% for most samples, with no values >4.6 wt% (Table 4.1). The average
wt% major oxide values (±SD) were obtained for replicate analyses of the following standards:
In-house reference material, Geoscience Laboratories, Sudbury (NPD-1); Basalt, Hawaiian
Volcanic Observatory (BHVO-2), and Diorite Gneiss Reference Material (SY-4) (Appendix A).
The average reproducibility of the major oxides (n=3) for replicate analyses of Bar River
samples is listed in Appendix B.
Sandstone samples contain 83-99 wt% SiO2 with 0.05 to 0.33 wt% MgO, whereas siltstone
samples contain 53-89 wt% SiO2 with MgO contents ranging from 0.25 to 0.59 wt%. Siltstone
samples have significantly greater K2O and Al2O3 contents than sandstone samples, which is
consistent with petrographic observations wherein finer grained siltstones contain abundant
micaceous matrix. The K2O content ranges from 4.69 to 8.65 wt% in siltstone samples, except
for sample RA-14-07, which has a value of 1.42 wt%. Sandstone samples range from 0.09 to
4.50 wt% K2O. Al2O3 contents of siltstone samples range from 5.27 to 29.90 wt%, with a
majority of the values >15.50 wt%; Al2O3 contents for sandstone samples range from 0.29 to
8.33 wt%. Sandstone samples with higher Al2O3 and K2O contents contain greater amounts of
micaceous matrix and detrital potassium feldspar. All samples contain a negligible amount of
MnO, CaO and Na2O. Fe2O3 content ranges from 0.50-2.69 wt%, except for one sample (13.50
wt%) that contains abundant hematite.
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Table 4.1: Major element oxides for the Bar River Formation samples
Sample Number

Rock Type

SiO2

TiO2

Al2O3

Fe2O3

MnO

MgO

CaO

Na2O

K2O

P2O5

LOI

Total

wt%

wt%

wt%

wt%

wt%

wt%

wt%

wt%

wt%

wt%

wt%

wt%

CIA

CIW

PIA

RA-14-01

sandstone

84.79

0.31

7.87

1.08

0.01

0.26

0.06

0.10

4.50

0.04

0.73

99.81

60.50

96.73

91.84

RA-14-07

siltstone

89.13

0.06

5.27

1.55

0.01

0.25

0.02

0.02

1.42

0.02

0.97

98.73

76.58

98.60

98.04

RA-14-10

sandstone

94.85

0.03

1.94

1.06

0.01

0.11

0.02

<0.02

0.72

0.03

0.16

98.97

69.98

97.35

95.65

RA-14-11

sandstone

94.66

0.02

1.71

1.68

0.01

0.07

0.02

<0.02

0.28

0.01

0.16

98.65

82.70

96.90

96.26

RA-14-14

sandstone

98.59

0.03

0.33

1.20

0.02

0.05

0.02

<0.02

0.10

0.01

-0.19

100.16

66.46

84.99

79.19

RA-14-20

sandstone

86.99

0.08

6.75

0.99

0.01

0.22

0.02

0.04

3.87

0.02

0.72

99.76

61.10

98.43

95.97

RA-14-21A

siltstone

52.87

0.95

29.90

1.10

0.01

0.48

0.01

0.09

8.65

0.06

4.60

98.74

75.83

99.45

99.20

RA-14-23

sandstone

98.31

0.02

0.37

0.90

0.02

0.06

0.03

<0.02

0.13

0.01

0.18

100.00

63.60

83.90

76.36

RA-14-26

sandstone

89.93

0.07

5.97

0.94

0.01

0.20

0.03

0.03

2.86

0.01

0.79

100.88

65.09

98.26

96.45

RA-14-28

sandstone

89.66

0.15

5.69

1.33

0.01

0.22

0.03

0.02

2.31

0.01

0.85

100.28

68.81

98.64

97.60

RA-14-29

siltstone

67.09

0.33

19.01

2.69

0.01

0.59

0.06

0.08

7.48

0.02

2.73

100.14

69.53

98.79

97.91

RA-14-33

siltstone

67.00

0.69

21.52

0.96

0.01

0.37

0.02

0.06

6.17

0.04

3.28

100.15

75.97

99.40

99.13

RA-14-39

sandstone

85.25

0.06

7.22

1.27

0.01

0.25

0.04

0.03

3.60

0.02

0.87

98.66

64.27

98.41

96.61

RA-14-46

sandstone

91.23

0.08

4.91

1.23

0.01

0.23

0.03

<0.02

1.84

0.17

0.88

100.78

70.42

98.57

97.62

RA-14-49

sandstone

91.02

0.06

3.59

2.57

0.01

0.18

0.03

<0.02

1.49

0.18

0.65

99.95

68.05

98.01

96.45

RA-14-50

sandstone

93.08

0.03

2.92

1.01

0.01

0.17

0.03

<0.02

1.10

0.07

0.53

98.99

69.92

97.80

96.35

RA-14-51

sandstone

98.00

0.04

0.29

0.50

0.01

0.05

0.02

<0.02

0.09

0.01

0.05

99.05

64.80

82.84

76.22

RA-14-52

sandstone

94.31

0.03

3.24

0.64

0.01

0.12

0.03

<0.02

1.40

0.01

0.45

100.24

67.21

98.02

96.34
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Table 4.1 (continued): Major element oxides for the Bar River Formation samples
Sample Number

Rock Type

SiO2

TiO2

Al2O3

Fe2O3

MnO

MgO

CaO

Na2O

K2O

P2O5

LOI

Total

wt%

wt%

wt%

wt%

wt%

wt%

wt%

wt%

wt%

wt%

wt%

wt%

CIA

CIW

PIA

RA-14-53

siltstone

66.20

0.11

20.38

1.97

0.01

0.46

0.02

0.09

8.18

0.01

2.61

100.11

69.27

99.09

98.39

RA-14-54

siltstone

72.97

0.13

15.58

1.76

0.01

0.41

0.02

0.06

6.10

0.01

2.16

99.25

69.79

99.11

98.46

RA-14-55

sandstone

87.08

0.07

7.14

0.72

0.01

0.20

0.04

0.04

3.54

0.01

0.77

99.68

64.30

98.17

96.13

RA-14-61

sandstone

96.95

0.02

1.01

0.86

0.01

0.08

0.06

<0.02

0.36

0.00

0.12

99.50

66.06

88.66

82.76

RA-14-63

siltstone

77.25

0.20

13.97

1.80

0.01

0.52

0.02

0.03

4.69

0.01

2.01

100.53

73.05

99.44

99.13

RA-14-66

sandstone

84.55

0.13

8.33

1.81

0.01

0.33

0.02

0.03

2.79

0.01

1.26

99.30

72.90

99.09

98.58

RA-14-69

sandstone

96.66

0.06

2.12

0.57

0.01

0.11

0.02

<0.02

0.72

0.01

0.31

100.58

71.86

97.65

96.34

RA-14-72A

sandstone

89.19

0.07

5.57

1.97

0.02

0.31

0.03

<0.02

2.31

0.02

0.80

100.32

68.43

98.77

97.80

RA-14-74

sandstone

83.01

0.04

2.31

13.50

0.01

0.16

0.09

<0.02

0.84

0.06

0.36

100.40

67.92

92.70

88.51

RA-14-85

sandstone

91.89

0.05

4.77

1.02

0.01

0.20

0.02

<0.02

2.11

0.00

0.59

100.70

67.17

99.02

98.13

72

A geochemical classification of the Bar River sandstones and siltstones was carried out utilizing
log (Fe2O3/K2O) vs. log (SiO2/Al2O3), as proposed by Herron (1988) (Figure 4.1). The majority
of the samples plot within the sub-arkose to quartz arenite field, which is consistent with
petrographic observations. Finer grained units plot in the arkose to wacke range, whereas
petrography indicates that these rocks are a mixture of wacke and mudstone. One sample that
contains abundant hematite plots in the Fe-sand area.

Figure 4.1: Herron’s (1988) “SandClass” geochemical classification of terrigenous sand and
shale, as applied to the Bar River samples. Red square with blue infill - sandstone, red
square - siltstone.
The Chemical Index of Alteration (CIA) values, as described by Nesbitt and Young (1982), can
be used to determine the extent of chemical weathering that the source has undergone. This index
works on the principle that increased weathering results in the enrichment of aluminum at the
expense of alkalis, and uses the Al2O3-(CaO*+Na2O)-K2O (A-CN-K) ternary plot (Nesbitt and
Young, 1982). The CIA index is thus expressed in molecular proportions as follows:
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CIA = [Al2O3/(Al2O3 + CaO* + Na2O + K2O)] × 100 (Equation 4.1)
wherein CaO* is the amount of CaO incorporated in the silicate fraction only. High CIA values
result from alteration of feldspars to clays and indicate more intense weathering of the source
rock. The CIA values for the Bar River samples range from 61 to 83, with the majority of the
values between 61 and 77 (Table 4.1; Figure 4.2). These values are slightly lower than those
previously reported from rocks of the same formation (CIA= 70-80) (Nesbitt and Young, 1982;
Rust and Shields, 1987). The average CIA value for the Bar River samples is 69, which almost
matches the average value of shales (70-75), and therefore, the values indicate a moderately
weathered source area (Nesbitt and Young, 1982). Following this, the samples were plotted on
an A-CN-K ternary plot, which was successfully utilized by Nesbitt and Young (1984, 1989) to
predict the weathering trends for igneous rocks resulting from the transformation of feldspars to
clays. The chemical composition of the Bar River Formation samples is plotted in molar
proportions within the Al2O3-(CaO*+Na2O)-K2O (A-CN-K) space, wherein CaO* is the amount
of CaO incorporated in the silicate fraction only. The original source of the Paleoproterozoic Bar
River Formation sediments is expected to be the Archean granitoid rocks of the Superior
Province, and therefore, the samples should fall along the weathering trend of the Average
Archean Upper Crustal rocks (green dashed line) (Nesbitt and Young, 1984, 1989). However, the
samples plot well below this predicted weathering trend in a tight group on the A-K join (Figure
4.2). This strongly indicates that some of the sandstone and siltstone samples of the Bar River
Formation are enriched in K2O and have thus undergone K-fluid metasomatism during
diagenesis (Nesbitt and Young, 1989; Fedo et al., 1995). This K-enrichment can be
petrographically expressed in two ways: 1) a presence of illite (resulting from the conversion of
aluminous clays) in the matrix and as alteration of partially weathered plagioclase feldspar, and
2) replacement of plagioclase by authigenic K-feldspar (Fedo et al., 1995). Petrography and
XRD indicate that the matrix is composed of phyllosilicate minerals, however the exact types
were not determined. If illite forms part of the matrix, this could account for the K-enrichment.
Very few samples contain plagioclase grains with K-feldspar replacement. Based on the
predicted weathering trend for the Average Archean Upper Crust, the Bar River Formation
samples would have pre-metasomatic (black dashed line in Figure 4.2) CIA values between 89
and 100 (Nesbitt and Young, 1984, 1989; Fedo et al., 1995). The five samples that do not plot on
the A-K join (RA-14-14, RA-14-23, RA-14-51, RA-14-61 and RA-14-74) contain comparatively
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little MgO and greater CaO and Na2O contents than the other samples. In thin section, most
samples contain discrete grains in a phyllosilicate matrix, but the 5 samples mentioned are highly
recrystallized and contain comparatively very little to no phyllosilicates.

Figure 4.2: Bar River Formation bulk compositions plotted in A-CN-K space. Al2O3, CaO,
Na2O and K2O are expressed in molar proportions. Unweathered source rock compositions
(black circles) in A-CN-K space after Fedo et al. (1995); unweathered Average Archean
Upper Crust composition (red circle) in A-CN-K space after Condie, (1993); red square
with blue infill - Bar River Formation sandstone; red square - Bar River Formation
siltstone. Samples that plot along the A-K join below the predicted weathering trend (green
dashed line) suggest potassium enrichment has occurred. Black dashed line with arrows
shows effects of K addition to samples plotting along the A-K join. A-CN-K diagram from
Nesbitt and Young (1984, 1989).
As CIA is not sensitive to re-introduction of K, alternate paleo-weathering indices may be used
to determine source weathering (Fedo et al., 1995; Mongelli et al., 2006). One such index is the
Chemical Index of Weathering (CIW) proposed by Harnois (1988). The CIW works on the same
principle as the CIA index, in that it is the ratio of immobile/mobile components, and works on
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the assumption that Al remains in the system and Ca and Na are leached away (Harnois, 1988).
The CIW is expressed in molar proportions as follows:
CIW = [Al2O3/(Al2O3 + CaO* + Na2O)] × 100 (Equation 4.2)
where CaO* is the amount of CaO incorporated in the silicate fraction only.
The CIW values for the Bar River samples range from 83 to 99 with an average value of 96
(Table 4.1). A majority of the CIW values fall between 97 and 99. Such CIW values indicate
intense weathering of the source area. As the CIW does not consider Al in K-feldspars in its
calculations, it cannot be used to distinguish between an unweathered K-rich source and a highly
weathered source area (Fedo et al., 1995). An alternate paleo-weathering index, the Plagioclase
Index of Alteration (PIA) was thus proposed by Fedo et al. (1995) and is expressed in molar
proportions as follows:
PIA = [(Al2O3-K2O)/(Al2O3 + CaO* + Na2O-K2O)] × 100 (Equation 4.3)
where CaO* is the CaO residing only in the silicate fraction. The PIA equation yields values of
50 for fresh unweathered rocks and values close to 100 for clay minerals like kaolinite, illite and
gibbsite (Fedo et al., 1995). This is consistent with values derived from the CIA and is a useful
supplementary weathering index to the CIA (Fedo et al., 1995). The PIA values for the Bar River
samples range from 76 to 99 with an average value of 94 (Table 4.1). The majority of the PIA
values fall between 96 and 99. The PIA values indicate that almost all plagioclase feldspar has
been converted to clay.
Although the results of the weathering indices indicate that the source rocks for the Bar River
Formation were intensely weathered, the samples primarily contain quartz. Well-sorted quartz
arenite results from mechanical sorting during transportation and deposition, which may alter
paleoweathering indices (Nesbitt and Young, 1982). In addition, recycling affects
paleoweathering indices, which record the cumulative effect of weathering over multiple
recycling episodes (Mongelli et al., 2006), and thus, the utility of these indices may be limited
for quartz arenite of the Bar River Formation.

76

Multiple tectonic discrimination diagrams have been used to constrain the provenance and
tectonic settings of sedimentary successions. The first scheme, a bivariate K2O/Na2O versus SiO2
plot (Figure 4.3) was proposed by Roser and Korsch (1986) who utilized data from sedimentary
suites to define three tectonic regimes, namely passive margin (PM), active continental margin
(ACM), and ocean island arc (OIA). Two weathering profiles from the Toorongo granodiorite,
Australia (data from Nesbitt and Markovics, 1997) and the Otago schist, New Zealand (data from
Corcoran, 2005) were plotted on the bivariate K2O/Na2O versus SiO2 plot to test the effects of
weathering on this discriminant plot (Figure 4.3 A, B). Both plots reveal that unweathered
samples fall within the ACM field. As weathering proceeds, the samples show an increase in the
K2O/Na2O ratio without any substantial changes in the SiO2 content. Increased weathering
results in the more weathered samples plotting within the PM field. This is expected because as
chemical weathering proceeds, plagioclase, which is far more susceptible to chemical weathering
than K-feldspar, would result in all common igneous rocks evolving up the diagram (increase in
the K2O/Na2O ratio and no substantial change in the SiO2 content) (Nesbitt and Young, 1984,
1989; Fedo et al.; 1995; Nesbitt et al., 1996). In addition, as SiO2 is resistant to chemical
weathering, its content within a weathering profile is not expected to change much (Nesbitt and
Young, 1984, 1989). Therefore, the utility of the K2O/Na2O versus SiO2 bivariate plot as a
tectonic discriminant is limited as it does not account for chemical weathering in its calculations.
The Bar River Formation samples plot within the PM field (Figure 4.3 C), which can be
explained as follows. Chemical weathering of the source results in preferential leaching of Ca
and Na from plagioclase, whereas the SiO2 content does not change much during this process
(Nesbitt and Young, 1984, 1989; Fedo et al.; 1995; Nesbitt et al., 1996). At point A the
weathering profile contains mostly mud grade (silt+clay fractions) and sand grains composed
mainly of quartz (Nesbitt et al., 1996). Petrographic analysis reveals that the samples are very
well sorted. Sorting results in the separation of the sand fraction from the mud grade sediments,
which results in a substantial increase in SiO2 in the quartz arenite (Nesbitt and Young, 1996;
McBride et al., 1996; Nesbitt et al., 1996), thus resulting in the evolution of the Bar River
sandstones to point B.
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Figure 4.3: Tectonic discrimination diagram based on wt% K2O/Na2O versus SiO2. A)
Toorongo granodiorite (Nesbitt and Markovics, 1997), green filled triangle - unweathered
samples, green triangle outline - weathered samples; chemical weathering proceeds up the
black solid line with arrow. B) Otago Schist (Corcoran, 2005), blue filled diamond unweathered samples, blue diamond outline - weathered samples; chemical weathering
proceeds up the black solid line with arrow. C) Bar River Formation, red x - Average
Archean Upper Crust (AAUC) from Condie (1993); blue filled square with red outline sandstone, red square outline – siltstone; chemical weathering proceeds up the black solid
line with arrow parallel to the K2O/Na2O axis up to point A after which sorting (solid line
with arrow parallel to SiO2 axis) results in the sandstone composition migrating to point B.
Modified from Roser and Korsch (1986).
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Bhatia (1983) utilized sandstones from Paleozoic turbidite sequences of eastern Australia to
define four tectonic settings, namely ocean island arc, continental island arc, active continental
margin and passive continental margin, through the use of discriminant function analysis. This
discrimination is based on the observation that the sandstones displayed a large variation in
major element geochemistry, which is a reflection of distinct sedimentary provenances and
tectonic settings (Bhatia, 1983). For sandstone, Fe2O3 + MgO, TiO2 and Al2O3/SiO2 proportions
show a progressive decrease from oceanic island arc to continental island arc to active
continental margins to passive margins, whereas K2O/Na2O and Al2O3/(CaO + Na2O) display the
opposite trend (Bhatia, 1983). The major oxides listed above thus constitute the most
discriminating parameters and were utilized by Bhatia (1983) to deduce the two discriminant
functions:
Discriminant function I = -0.0477SiO2–0.972TiO2+0.008Al2O3-0.267Fe2O3+0.208FeO3.082MnO+0.140MgO+0.195 CaO+0.719Na2O-0.032K2O+7.510P2O5+0.303
Discriminant function II = -0.421SiO2+1.988TiO2-0.526Al2O3-0.551Fe2O31.610FeO+2.720MnO+0.881MgO-0.907 CaO-0.177Na2O-0.184K2O+7.244P2O5+43.57
Function I is primarily controlled by the CaO and Na2O content and is thus influenced by the
amount of plagioclase and volcanic fragments in the sandstones, whereas function II is
influenced by SiO2 and CaO content and is used to distinguish quartzose suites from more
feldspathic suites (Bhatia, 1983). All Bar River Formation samples plot well within the passive
margin field on the discriminant plot of Bhatia (1983) (Figure 4.4 A).
In order to test the effects of chemical weathering on the discriminant plot defined by Bhatia
(1983), data from the Toorongo granodiorite and Otago Schist profiles were plotted (Figures 4.4
B, C). The Toorongo granodiorite forms part of the Lachlan fold belt, which contains a remnant
ocean basin with an igneous basement of intra-arc and backarc boninitic to tholeiitic volcanics
and island-arc calcalkaline volcanics (Fergusson, 2003). Unweathered samples of the Toorongo
granodiorite (green filled triangles) would therefore be expected to fall in the ocean island arc
field. However, the weathered samples (green triangle outline) plot within the passive margin
field. The Otago schist is part of the Torlesse terrane, and is inferred to have been derived from a
continental magmatic arc along the margin of Gondwana (MacKinnon, 1983). The weathering
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Figure 4.4: Plot of discriminant scores of Function I versus Function II for A) Bar River
Formation sandstones (blue filled squares with red outlines) and siltstones (red square
outlines), B) Toorongo granodiorite (Nesbitt and Markovics, 1997), unweathered samples
(green filled triangle), weathered samples (green triangle outline), C) Otago Schist
(Corcoran, 2005), unweathered samples (blue filled diamond), weathered samples (blue
diamond outline). Modified from Bhatia (1983). See text for explanation of discriminant
functions.
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profile samples are thus expected to plot within the continental island arc field (Corcoran, 2005).
The unweathered sample (blue filled diamond) of the Otago schist does plot within the
continental island arc field, but the weathered samples (blue diamond outline) plot to the left
within the passive margin field. Both the Toorongo granodiorite and Otago schist samples
display patterns in which the amount of function I decreases and the amount of function II
increases as weathering progresses (Figure 4.4 B, C). This results in the weathered and
unweathered samples plotting in two distinct fields, indicating that the discriminant plot by
Bhatia (1983) does not effectively account for the effects of chemical weathering.
Roser and Korsch (1988) utilized sandstone and argillite samples from greywacke terranes in
New Zealand to define four provenance groups, P1 (mafic/first cycle basalt and andesitic
detritus); P2 (intermediate/dominantly andesitic detritus; P3 (felsic/acid plutonic and volcanic
detritus); and P4 (recycled/mature polycyclic quartzose detritus). The authors attributed a
decrease in Fe2O3T+MgO and an increase in SiO2/Al2O3 and K2O/Na2O ratios from P1 to P4 to a
petrologic evolution similar to that resulting from magmatic differentiation (P1-P3) and
sedimentary maturation (P4). Utilizing Al2O3, TiO2, F2O3T, MgO, CaO, Na2O and K2O, Roser
and Korsch (1988) were able to deduce two discriminant functions that distinguished among the
four provenance groups:
Discriminant function I = –1.773 TiO2 + 0.607 Al2O3 + 0.76 Fe2O3(total) – 1.5 MgO +
0.616 CaO + 0.509 Na2O – 1.224 K2O – 9.09
Discriminant function II = 0.445 TiO2 + 0.07 Al2O3 – 0.25 Fe2 O3(total) – 1.142 MgO +
0.438 CaO + 1.475 Na2O + 1.426 K2O – 6.861
On the Roser and Korsch (1988) diagram, the majority of the Bar River samples plot within the
quartzose sedimentary provenance field, which is consistent with petrographic observations of
mineralogical and textural maturity (Figure 4.5 A). The four samples plotting within the felsic
igneous provenance are siltstone and have elevated Al2O3 (>19 wt%) and K2O (>6 wt%)
contents. A sandstone containing abundant hematite cement (Fe2O3 content = 13.5 wt%) is the
sole sample plotting in the mafic igneous provenance field. This could possibly indicate a minor
mafic input.
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Figure 4.5: Plot of discriminant scores of Function I versus Function II for A) Bar River
Formation sandstones (blue filled squares with red outlines) and siltstones (red square
outlines), B) Toorongo granodiorite (Nesbitt and Markovics, 1997), unweathered samples
(green filled triangle), weathered samples (green triangle outline), C) Otago Schist
(Corcoran, 2005), unweathered samples (blue filled diamond), weathered samples (blue
diamond outline). Modified from Roser and Korsch (1988). P1 - mafic/first cycle basalt and
andesitic detritus; P2 - intermediate/dominantly andesitic detritus; P3 - felsic/acid plutonic
and volcanic detritus; and P4 - recycled/ mature polycyclic quartzose detritus.
Discriminant function parameters are explained in the text.
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Further analysis of the discriminant plot proposed by Roser and Korsch was carried out using
data from the Toorongo granodiorite and Otago schist. Fresh samples of both the Toorongo
granodiorite and the Otago schist plot in the P3 (felsic/acid plutonic and volcanic detritus) field
(Figure 4.5 B, C). However, the weathered samples of the Toorongo granodiorite fall in all four
fields, and weathered samples of the Otago schist fall in the P3 and P4 fields. Thus, the tectonic
discriminant plot of Roser and Korsch (1988) like that of Bhatia (1983) is not very useful in
discriminating sandstones derived from chemically weathered source rocks.
The geochemistry of sedimentary rocks is a complex function of source composition, extent and
duration of weathering, sediment recycling, diagenesis and sorting (e.g. McLennan et al., 1993;
Armstrong-Altrin and Verma, 2005). In addition, major element signatures are not unique to
specific tectonic settings (Armstrong-Altrin and Verma, 2005). Provenance discriminant plots
that utilize major elements are thus unrealiable because these elements are mobile during
weathering and recycling, both of which obscure the original source signature (Cingolani et al.,
2003). Discriminant plots of Bhatia (1983) and Roser and Korsch (1986) formed part of a critical
evaluation carried out by Armstrong-Altrin and Verma (2005). Armstrong-Altrin and Verma
(2005) plotted published major element geochemistry data from Miocene and Recent sands and
sandstones from a variety of tectonic settings including: (1) passive margin (PM), (2) active
continental margin (ACM), and (3) oceanic island arc (OIA). Bhatia's (1983) discriminant plot
yielded a 0-58% success rate in accurately assigning sands to their correct tectonic settings,
whereas Roser and Korsch's (1986) bivariate plot yielded a success rate of 32-62% (ArmstrongAltrin and Verma, 2005). Armstrong-Altrin and Verma (2005) attributed the low success rate of
Bhatia's (1983) discriminant plot to: 1) the use of average values, which diminishes the
possibility of detecting geochemical variations within a single suite, 2) average values used to
demarcate different fields were not representative of the particular tectonic settings. For example,
Bhatia (1983) assigned greywacke samples from Pettijohn (1963) to the CIA setting, whereas the
analyses used by Pettijohn (1963) to derive his average value came from different tectonic
settings (OIA, CIA and PM), 3) unclear distinction between the CIA and ACM settings, and 4)
an unacceptable method of proposing discriminant fields. The relatively low success rate of
Roser and Korsch's (1986) discriminant plot was attributed to the database not being
representative of worldwide rocks (Armstrong-Altrin and Verma, 2005). These discriminant
plots result in low to medium success rates in distinguishing tectonic settings, and should be used
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with caution. In addition, processes such as weathering, recycling, sorting and diagenesis further
complicate matters and decrease the reliability of the diagrams.

4.2

Trace Elements

Twenty-one sandstone and seven siltstone samples of the Bar River Formation were analysed for
their trace element contents, including rare earth elements (REE), using Inductively Coupled
Plasma-Mass Spectrometry (ICP-MS) (Tables 4.2, 4.3). The average trace element and REE
values in ppm (±SD) were obtained for replicate analyses of the following standards: In-house
reference materials, Geoscience Laboratories, Sudbury (MRB-29); Basalt, Hawaiian Volcanic
Observatory (BHVO-2); Granodiorite, Silver Plume, Colarado (GSP-2); and Andesite, Guano
Valley (AGV-2) and are summarized in Appendices C and D. An average reproducibility (n = 2,
±SD) of ±0.1ppm for Th, ±0.1ppm for Sc and ±17.0ppm for Zr was obtained for duplicate
analyses of samples. The average reproducibility of REE elements for duplicate analyses of
samples (n = 2) is summarized in Appendix E.
Bhatia and Crook (1986) utilized greywacke samples from Paleozoic turbidite sequences of
eastern Australia to demonstrate that a ternary plot of Th-Sc-Zr/10 yielded excellent
discrimination among four tectonic settings of ocean island arc, continental island arc, active
continental margin and passive continental margin (Bhatia and Crook, 1986). On this diagram,
the Bar River samples plot very close to the Zr pole – outside of any of these fields (Figure 4.6).
There is a trend, however, towards the passive margin field, which indicates that the Bar River
sediments were derived from an older quartzose sedimentary unit. The Bar River Formation
samples contain an average of 5 ppm Th, 271 ppm Zr and 3 ppm Sc, with an average Th/Sc ratio
of 1.5 (Table 4.2). McLennan et al. (1993) utilized Th/Sc and Zr/Sc ratios to determine whether
rocks of a given formation were the products of sediment recycling, noting that Th/Sc and Zr/Sc
ratios show a systematic variation with source composition, whereas recycling produces
enrichment of Zr without significant increase in Th. The samples plot on a trend that indicates
zircon addition, which suggests that the Bar River Formation is a product of sediment recycling
and was derived from an older sedimentary unit (Figure 4.7).
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Table 4.2: Sc, Th and Zr results for Bar River Formation samples.
Sample Number

Rock Type

Sc

Th

Zr

ppm

ppm

ppm

Th/Sc

Zr/Sc

RA-14-01

sandstone

3.1

8.0

1185.0

2.6

382.3

RA-14-07

siltstone

1.6

2.4

141.0

1.5

88.1

RA-14-10

sandstone

1.2

1.0

91.0

0.8

75.8

RA-14-20

sandstone

1.4

2.5

256.0

1.8

182.9

RA-14-21A

siltstone

14.3

30.8

472.0

2.2

33.0

RA-14-26

sandstone

1.6

1.8

152.0

1.1

95.0

RA-14-28

sandstone

2.2

3.2

365.0

1.4

165.9

RA-14-29

siltstone

4.4

8.2

504.0

1.9

114.5

RA-14-33

siltstone

7.8

20.3

671.0

2.6

86.0

RA-14-39

sandstone

1.8

1.3

81.0

0.7

45.0

RA-14-46

sandstone

1.6

3.1

246.0

1.9

153.8

RA-14-49

sandstone

1.5

1.7

80.0

1.2

53.3

RA-14-50

sandstone

1.5

1.3

36.0

0.9

24.0

RA-14-53

siltstone

2.7

2.3

123.0

0.8

45.6

RA-14-54

siltstone

2.2

2.7

294.0

1.2

133.6

RA-14-55

sandstone

1.2

1.5

190.0

1.3

158.3

RA-14-63

siltstone

4.0

6.9

578.0

1.7

144.5

RA-14-66

sandstone

3.8

5.7

115.0

1.5

30.3

RA-14-69

sandstone

1.5

3.0

117.0

2.0

78.0

RA-14-72A

sandstone

1.3

2.6

323.0

2.0

248.5

RA-14-74

sandstone

1.3

1.3

73.0

1.0

56.2

RA-14-85

sandstone

1.6

1.4

140.0

0.9

87.5
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Table 4.3: REE results for the Bar River samples.
Sample number

Rock Type

La

Ce

Pr

Nd

Sm

Eu

Gd

Tb

Dy

Ho

Er

Tm

Yb

Lu

ppm

ppm

ppm

ppm

ppm

ppm

ppm

ppm

ppm

ppm

ppm

ppm

ppm

ppm

La/Ybn

Eu/Eu*

Gd/Ybn

RA-14-01

sandstone

17.92

40.72

5.18

21.91

4.79

1.21

3.33

0.45

2.89

0.62

2.04

0.34

2.46

0.42

4.42

0.93

1.09

RA-14-07

siltstone

15.41

35.76

3.81

14.70

2.05

0.40

1.11

0.15

0.90

0.18

0.57

0.09

0.62

0.10

15.14

0.82

1.45

RA-14-10

sandstone

1.91

4.29

0.54

2.44

0.66

0.19

0.75

0.10

0.61

0.12

0.34

0.05

0.33

0.05

3.55

0.82

1.84

RA-14-11

sandstone

1.49

3.15

0.39

1.58

0.40

0.10

0.45

0.06

0.36

0.07

0.21

0.03

0.19

0.03

4.65

0.72

1.88

RA-14-14

sandstone

11.30

24.38

3.03

12.24

2.16

0.30

0.98

0.13

0.73

0.13

0.35

0.05

0.32

0.04

21.67

0.64

2.50

RA-14-20

sandstone

22.52

47.17

5.61

19.97

2.81

0.69

2.40

0.32

1.88

0.35

1.01

0.14

0.96

0.15

14.22

0.82

2.01

RA-14-21A

siltstone

66.75

137.53

16.37

60.11

10.79

2.11

6.67

1.01

6.57

1.30

4.13

0.69

4.93

0.74

8.20

0.77

1.09

RA-14-23

sandstone

12.99

24.93

3.04

11.69

2.11

0.43

1.57

0.19

0.99

0.17

0.43

0.06

0.35

0.05

22.24

0.73

3.56

RA-14-26

sandstone

11.46

19.05

2.05

7.31

1.13

0.35

0.97

0.15

0.96

0.18

0.52

0.08

0.53

0.08

13.01

1.04

1.46

RA-14-28

sandstone

26.13

32.96

3.05

9.74

1.40

0.51

1.69

0.28

1.87

0.38

1.15

0.17

1.18

0.18

13.45

1.02

1.15

RA-14-29

siltstone

39.32

65.40

6.95

22.03

2.45

0.82

2.01

0.30

1.90

0.36

1.16

0.19

1.32

0.19

18.11

1.14

1.23

RA-14-33

siltstone

41.84

89.23

11.09

42.18

7.67

1.48

4.78

0.74

4.70

0.94

3.08

0.51

3.64

0.57

6.97

0.75

1.06

RA-14-39

sandstone

2.23

5.31

0.70

2.97

0.72

0.21

0.67

0.11

0.69

0.14

0.46

0.07

0.47

0.07

2.88

0.94

1.15

RA-14-46

sandstone

11.07

22.80

2.72

11.00

2.39

0.73

2.67

0.34

1.96

0.36

1.00

0.14

0.91

0.14

7.40

0.89

2.36

RA-14-49

sandstone

3.24

7.19

0.90

3.69

1.36

0.53

2.28

0.33

1.87

0.34

0.91

0.12

0.71

0.10

2.77

0.93

2.58

RA-14-50

sandstone

2.83

6.67

0.87

3.96

1.13

0.31

1.21

0.14

0.79

0.14

0.35

0.04

0.28

0.04

6.06

0.82

3.42

RA-14-51

sandstone

12.56

24.48

2.94

10.67

1.42

0.20

0.53

0.07

0.35

0.07

0.18

0.03

0.20

0.03

38.84

0.70

2.17
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Table 4.3 (continued): REE results for the Bar River samples.
Sample number

Rock Type

La

Ce

Pr

Nd

Sm

Eu

Gd

Tb

Dy

Ho

Er

Tm

Yb

Lu

ppm

ppm

ppm

ppm

ppm

ppm

ppm

ppm

ppm

ppm

ppm

ppm

ppm

ppm

La/Ybn

Eu/Eu*

Gd/Ybn

RA-14-52

sandstone

6.65

11.91

1.78

6.72

1.12

0.27

0.91

0.13

0.74

0.14

0.38

0.06

0.35

0.06

11.58

0.83

2.10

RA-14-53

siltstone

8.42

14.30

1.59

5.53

0.75

0.21

0.61

0.10

0.59

0.12

0.36

0.06

0.42

0.06

12.15

0.98

1.16

RA-14-54

siltstone

5.56

10.54

1.31

4.82

0.88

0.27

0.89

0.16

1.00

0.20

0.61

0.10

0.71

0.11

4.75

0.93

1.01

RA-14-55

sandstone

10.44

19.90

2.34

8.58

1.39

0.48

1.61

0.29

1.80

0.33

0.93

0.13

0.78

0.11

8.13

0.98

1.66

RA-14-61

sandstone

4.37

9.03

1.08

4.19

0.82

0.18

0.69

0.11

0.69

0.13

0.40

0.06

0.39

0.06

6.74

0.73

1.41

RA-14-63

siltstone

22.31

49.63

6.14

24.17

4.72

1.01

3.54

0.56

3.27

0.62

1.82

0.28

1.80

0.27

7.51

0.76

1.58

RA-14-66

sandstone

25.32

56.30

6.79

28.57

5.56

1.02

3.69

0.54

3.20

0.57

1.54

0.20

1.24

0.18

12.38

0.69

2.39

RA-14-69

sandstone

12.40

27.14

3.34

13.51

2.67

0.56

2.51

0.38

2.13

0.39

1.10

0.15

0.92

0.14

8.14

0.67

2.19

RA-14-72A

sandstone

6.59

15.03

1.95

7.25

1.31

0.36

1.34

0.21

1.35

0.27

0.83

0.12

0.84

0.13

4.74

0.84

1.28

RA-14-74

sandstone

4.23

9.01

1.06

3.97

0.94

0.24

0.85

0.11

0.58

0.11

0.31

0.05

0.31

0.05

8.32

0.82

2.21

RA-14-85

sandstone

6.10

12.35

1.48

5.43

0.94

0.22

0.69

0.11

0.70

0.14

0.42

0.07

0.47

0.07

7.80

0.85

1.16
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Figure 4.6: Tectonic discrimination diagram after Bhatia and Crook (1986). The
Bar River Formation samples plot very close to the Zr/10 pole or primarily near the
passive margin field. Pink x - siltstone, Blue square - sandstone. A- Ocean Island
Arc, B- Continental Island Arc, C- Active Continental Margin, D- Passive Margin.
Diagram from Bhatia and Crook (1986).
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Figure 4.7: Th/Sc versus Zr/Sc illustrating a sediment recycling trend in the Bar
River Formation samples. After McLennan et al. (1993).
Studies by Balashov and Khitrov (1967) and Ronov et al. (1967) indicate that REEs are
immobile in arid conditions, but in humid conditions, the LREEs tend to be mobile, resulting in
the fractionation of light and heavy REEs. However, the effects of weathering on the behavior of
REEs for rocks of the Huronian Supergroup are difficult to access (McLennan et al., 1979).
Similarly, studies carried out on the behaviour of REEs during diagenesis and metamorphism
indicate that the REEs do not undergo fractionation with increasing metamorphic grade
(Herrmann, 1970; Cullers et al., 1974). Therefore, the influence of secondary processes on
controlling the REE patterns of sedimentary rocks appears to be minimal, and the REE pattern is
primarily controlled by the source rocks from which the sediments are derived (Nance and
Taylor, 1976).
The chondrite-normalized REE patterns of the Bar River Formation samples show variations in
terms of slope, and enrichments and depletions relative to chondrite (Figure 4.8). All samples are
LREE-enriched with La/Ybn ranging from 2.8 to 38.8 (Table 4.3). This is similar to the patterns
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A

B

C

D

Figure 4.8: Chondrite-normalized REE results for the Bar River samples: A- Bar
River siltstones, B,C,D- Bar River sandstones. Normalizing values of Haskin et al.
(1968) were used, except for Dy, which is taken from Nakamura (1974).
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of Na-rich granitic and felsic volcanic rocks, which are characterized by steep, linear LREEenriched patterns (Taylor and McLennan, 1985).
As felsic rocks (both Na-rich granites and K-rich granites) are LREE enriched, they are expected
to have high La/Ybn ratios, whereas basalts of the bimodal igneous suite, which exhibit a flat
REE pattern are expected to have La/Ybn ratios around 1. The large variation in the La/Ybn ratios
of the Bar River Formation samples, combined with variations in the chondrite-normalized REE
slopes indicates a mixed provenance that is predominantly felsic (Taylor and McLennan, 1985).
The Gd/Ybn ratios of the Bar River samples range from 1.1 to 3.6 (Table 4.3). Eleven samples
have high Gd/Ybn ratios between 2.0 and 3.6, whereas the rest display lower values ranging from
1.1 to 1.9 (Table 4.3). Light REE enrichment, flat HREE patterns displayed by Gd/Ybn ratios
ranging from 1.0 to 2.0 and a slight negative Eu anomaly, resemble the pattern generated by the
mixing of a bimodal igneous suite. Fractionation of HREE enriched garnets (removal as residue
during partial melting or as a fractionating phase) during igneous differentiation processes results
in igneous products such as Archean tonalite/trondhjemite-dacite suites being HREE depleted
with high Gd/Ybn ratios (Gd/Ybn>2.0) (Arth and Barker, 1976; McLennan and Taylor, 1991;
McLennan et al., 1995). Basalts of the bimodal Archean suite display flat REE patterns as they
do not fractionate REEs (Gd/Ybn=1.0), however Na-rich Archean granitoids display steep LREE
enriched-HREE depleted (Gd/Ybn>2.0) patterns due to removal of HREE enriched garnets
during igneous differentiation processes (Taylor and McLennan, 1985; McLennan and Taylor,
1991). Sediments derived from mixing of this bimodal igneous suite would result in flat HREE
patterns (Gd/Ybn=1.0-2.0). Post-Archean sedimentary rocks also display flat HREE patterns
(Gd/Ybn=1.0-2.0) indicating that HREE enriched phases such as garnet and amphiboles were not
important fractionating phases during the formation of the post-Archean upper crust (McLennan
and Taylor, 1995).
Sediments derived from erosion of a post-Archean upper crust dominated by K-rich granites and
granitoids would result in flat HREE patterns (Gd/Ybn=1.0-2.0). It could also potentially indicate
increasing contribution from K-rich granites, which were emplaced in the upper crust towards
the end of the Archean (McLennan et al., 1979). The sediment recycling trend and petrography
indicate zircon enrichment within the Bar River samples. As zircons are HREE-enriched, they
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could additionally contribute to the flat HREE pattern (Gd/Ybn=1.0 to 2.0) observed within the
majority of the Bar River samples (McLennan et al., 1979; Taylor and McLennan, 1985). The
samples that show greater HREE depletion (Gd/Ybn >2.0) resemble the patterns displayed by Narich Archean granitic rocks and felsic volcanic rocks (McLennan and Taylor, 1991).
The Bar River Formation samples exhibit a slight negative to no Eu anomaly. The Eu/Eu*
(Eu/Eu*= Eun/[√(Smn.Gdn)] ratio ranges from 0.6 to 1.1 with only 3 samples having a ratio >1.
Europium anomalies are primarily controlled by feldspar, particularly plagioclase, wherein
divalent Eu is compatible with feldspars and trivalent Eu is not (Taylor and McLennan, 1985;
Rollinson, 1993). Production of a partial melt, wherein feldspars are left behind in the residual
phase or are removed by fractional crystallization from a felsic melt, will result in a negative Eu
anomaly in the volcanic rock (Taylor and McLennan, 1985; Rollinson, 1993). Common mantlederived volcanic rocks generally do not display any Eu anomaly, whereas average upper crustal
rocks have an average Eu/Eu* value of 0.65 (Taylor and McLennan, 1985). Early Archean upper
crust was dominated by Na-rich granitoid rocks (tonalite-trondhjemite-granodiorite) that produce
no negative Eu anomaly, whereas late Archean and younger K-rich granitic rocks (granodioritemonzonite-granite) produce negative Eu anomalies (Taylor and McLennan, 1985; McLennan et
al., 1979). Therefore the negative Eu anomalies displayed on the chondrite-normalized REE
diagram are consistent with observations from other post-Archean sedimentary rocks, which also
display negative Eu anomalies, and indicate derivation mainly from a K-rich granitic rock
(Taylor and McLennan, 1985; McLennan et al. 1979; Rollinson, 1993).
The REE results of the Bar River Formation samples were also normalized against Average
Archean Upper Crust (Taylor et al., 1981) and reveal six different patterns: 1) a flat REE pattern
with a slight negative Eu anomaly, 2) a flat REE pattern with a strong negative Eu anomaly, 3) a
LREE enriched, flat HREE pattern with a strong negative Eu anomaly, 4) a LREE enriched,
HREE depleted pattern with a strong negative Eu anomaly, 5) a LREE enriched, flat HREE
pattern with no Eu anomaly, and 6) a LREE depleted, Mid-REE enriched, HREE depleted
pattern with a slight negative Eu anomaly (Figure 4.9). In addition, the REE patterns of the Krich Mungari granite and Na-rich Kambalda granite from the Kalgoorlie area, Australia (Nance
and Taylor, 1977), average tonalite from the Wabigoon sub-province, Superior Province, Canada
(Whalen et al., 2002) and basalt of the Archean bimodal volcanic rocks (Taylor and McLennan,
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1985) were plotted against Average Archean Upper Crust (AAUC) (Figure 4.10). Although the
K-rich Mungari granite displays a slight LREE enriched, flat HREE pattern with a marked
negative Eu anomaly, the average Wabigoon tonalite and Na-rich Kambalda granite display
LREE enriched and HREE depleted patterns with no Eu anomaly (Figure 4.10). The REE pattern
of the average Wabigoon tonalite is less steep than that of the Na-rich Kambalda granite (Figure
4.10). The Archean basalt displays a LREE depleted, flat HREE pattern (Figure 4.10).
Flat REE patterns with no to slight negative Eu anomalies (Eu/Eu* = 0.72-0.98) are displayed by
the eight Bar River Formation samples of Groups A and B (Figure 4.9 A, B). The flat REE
patterns indicate that the source composition was similar to AAUC, with possible minor
contributions from K-rich granite as indicted by the negative Eu anomalies. Group C samples
display a LREE enriched, flat HREE pattern with slight negative Eu anomalies (Eu/Eu* = 0.750.93) (Figure 4.9 C). The slightly LREE enriched patterns resemble that of the average
Wabigoon tonalite. The negative Eu anomalies indicate minor contributions from K-rich granitic
sources.
The LREE enriched, HREE depleted patterns with strong negative Eu anomalies (Eu/Eu* = 0.640.83) are displayed by Group D samples (Figure 4.9 D). Europium anomaly values as low as
0.64 are similar to those of post-Archean average Australian sedimentary (PAAS) rocks (Eu/Eu*
= 0.67) and point to increasing contributions of K-rich granitic sources. The overall pattern is
similar to that of the K-rich Mungari granite or the average Wabigoon tonalite (AAUC
normalized). Group E samples exhibit LREE enrichments, flat HREE patterns and no to slight
Eu anomalies (Eu/Eu* = 0.98-1.14 with one value of 0.82) (Figure 4.9 E). The LREE patterns
look similar to those of the Na-rich Kambalda granite or average Wabigoon tonalite (AAUC
normalized). The flat HREE patterns could be the results of minor contributions from a basaltic
source. Zircon, which concentrates HREEs could additionally contribute to the slightly elevated
HREE pattern observed, in a manner similar to that seen for samples of the Lorrain Formation
(McLennan et al., 1979). Group F patterns are LREE depleted, with flat HREE patterns and no to
slight negative Eu anomalies (Eu/Eu* = 0.82-0.93). The patterns are similar to Archean basalt of
the bimodal suite and sample WXP-98-17 of the Wabigoon tonalite suite (Figure 4.9F). The
samples display middle REE enrichment, which can be attributed to the higher P 2O5
concentrations in these samples (average of 0.14 ppm compared with an average of 0.04 ppm for
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all other samples). Phosphorous is typically enriched in the middle REE (Hannigan and
Sholkovitz, 2001).
The Bar River Formation sediments thus appear to have a Na-rich granitic, tonalitic or Average
Archean Upper Crustal source with minor contributions from K-rich granite and basalt.
McLennan et al. (1979) suggested that K-rich granitic material was probably intruded into an
upper crust dominated by tonalite and greenstone at the end of the Archean during the Kenoran
Orogeny. The older Huronian sedimentary rocks, which were primarily sourced from tonalitic
and greenstone belt material display REE patterns typical of Archean sedimentary rocks.
Continued erosion of the cratonic regions would have resulted in greater K-rich granite exposure,
accounting for the negative Eu anomaly in younger Huronian rocks.
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Figure 4.9: Average Archean Upper Crust (AAUC) normalized REE results for the
Bar River Formation samples: (A) Group A, (B) Group B, (C) Group C.
Normalizing values of AAUC from Taylor et al. (1981).
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Figure 4.9 (continued): Average Archean Upper Crust (AAUC) normalized REE
results for the Bar River Formation samples: (D) Group D, (E) Group E, (F) Group
F. WXP-98-17- Wabigoon Province tonalite REE pattern from Whalen et al. (2002).
Normalizing values of AAUC from Taylor et al. (1981).
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Figure 4.10: Average Archean Upper Crust (AAUC) normalized REE results for the
K-rich Mungari granite and Na-rich Kambalda granite, Kalgoorlie, Australia (Tm
and Lu values obtained by extrapolation), and Archean basalts of a bimodal suite;
values from Taylor and McLennan (1985). Average Wabigoon Tonalite from
Whalen et al. (2002). Normalizing values of AAUC from Taylor et al. (1981).

4.3

Powder X-Ray Diffraction

Bulk powder X-ray diffraction (pXRD) was carried out using unfractionated, powdered Bar
River samples at the Laboratory for Stable Isotope Studies (The University of Western Ontario).
The powdered samples were analysed using randomly oriented front packs in a Rikagu High
Brilliance Rotaflex diffractometer equipped with CoKα radiation (λ= 0.1790210nm) operated at
45 kV and 160 mA. Each sample was scanned from 2 to 82º 2θ with a 0.020° step size and a scan
speed of 10°/min. Diffraction patterns were interpreted using International Centre for Diffraction
Data (ICDD) database, powder diffraction file for minerals at the University of Western Ontario.
X-ray diffraction patterns obtained were utilized to semi-quantitatively determine the mineral
abundances within the Bar River samples (Squire, 2012). The background-subtracted peak height
of the most intense diffraction peak associated with each phase was determined from data sheets
associated with the XRD patterns (Squire, 2012). In cases where the most intense peak of one
phase coincided with a secondary diffraction peak of another phase, the next most intense peak,
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scaled appropriately to 100% intensity, was used to determine mineral abundance (Longstaffe,
personal communication, 2015). For all peak heights, form factors were used to adjust for
differences in crystallinity among minerals (Squire, 2012). A form factor of 1× was applied for
all the minerals identified (Longstaffe, personal communication, 2015). The adjusted primary
peak height was then expressed as a percentage of the total peak height of the XRD pattern
(Squire, 2013, Longstaffe, personal communication, 2015).
The main minerals identified using pXRD were quartz, mica and potassium feldspar with trace
amounts of hematite and zeolite (Table 4.4). Quartz was the dominant mineral in each sample. At
least 1% mica was present in almost all samples and potassium feldspar was identified in 16 out
of the 28 samples. Sample RA-14-74 contained appreciable quantities of hematite (>6%)
consistent with geochemical and petrographic observations.

4.4

Oxygen Isotope Geochemistry

The oxygen isotopic analyses were carried out in the Laboratory for Stable Isotope Science
(LSIS) at the University of Western Ontario, and are reported in the standard δ-notation relative
to VSMOW for oxygen. About 8 mg of sample powder were placed into spring-loaded sample
holders, which were then heated at 150°C for 12 hours under dynamic pumping. The samples
were then top-loaded into nickel reaction vessels, where they were then heated at 300°C for a
further 3 hours under dynamic pumping. A sufficient excess of chlorine trifluoride was then
added to the nickel reaction vessels, and the vessels sealed and reacted for 16 hours at 580°C to
release the silicate-bound oxygen; the oxygen was then recovered and quantitatively converted to
CO2 for oxygen isotope analysis (Clayton and Mayeda, 1963; Borthwick and Harmon, 1982).
The oxygen isotopic results for the carbon dioxide were then measured using a VG Optima dualinlet isotope-ratio mass-spectrometer (IRMS). The following average δ18O values (±SD) were
obtained for replicate analyses of standards analysed during the course of these measurements (n
and accepted value in parentheses): laboratory standard quartz (n = 7), +11.4 ±0.2 ‰ (+11.5 ‰);
laboratory standard basalt (n = 7), +7.6 ±0.3 ‰ (+7.5 ‰), and laboratory standard carbon
dioxide (n = 7), +10.26 ±0.05 ‰ (+10.30 ‰). An average reproducibility of ±0.3 ‰ (±SD) (n =
4) was obtained for duplicate analyses of samples.
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The δ18O values of the whole-rock samples ranged from +9.0 to +13.1 ‰ (Table 4.5). There is a
general positive correlation between whole-rock δ18O and quartz content and a negative
correlation with phyllosilicate content (Figure 4.9).
The δ18O values for seven out of eight pebbles separated from sample RA-14-51 ranged from
+8.4 to +12.6 ‰ (Table 4.6). These compositions are consistent with those reported for Archean
granitoid plutons and gneisses of the Superior Province (Longstaffe and Schwarz, 1977;
Longstaffe et al., 1980, 1981; Longstaffe and Birk, 1981; Longstaffe and Gower, 1983; Cerny et
al., 1987). One sample (RA-14-51B) has an anomalously low δ18O value of +2.5 ‰.
Anomalously low δ18O values (<+6.0‰) have also been reported by Venneman et al. (1995) for
quartz pebbles derived from the Matinenda Formation conglomerates. They suggested that the
quartz pebbles were derived from a hydrothermal vein and attributed the low δ18O values to
formation at elevated temperatures in the presence of

18

O-depleted waters. Low δ18O quartz

veins have been reported from numerous deep fault and shear zones, including Archean rocks of
northwestern Ontario, wherein the quartz formed in equilibrium with

18

O-depleted waters of

meteoric origin (Longstaffe, 1979; Kerrich et al., 1984; Venneman et al; 1995). Derivation of
quartz from such a source could explain the anomalously low value of sample RA-14-51B.
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Table 4.4: Mineral abundances of bulk rock samples from the Bar River Formation,
Flack Lake as determined by pXRD.

Sample Number

Rock
Type

Quartz
%

Phyllosilicate
%

K-Feldspar
%

Hematite
%

Zeolite
(Mordenite) %

RA-14-01

sandstone

89

2

9

a to t

t

RA-14-07

siltstone

98

2

a

a to t

t

RA-14-10

sandstone

99

1

a

a to t

t

RA-14-11

sandstone

98

1

a

1

t

RA-14-14

sandstone

99

1

a

a

t

RA-14-20

sandstone

92

1

7

a to t

a to t

RA-14-21A

siltstone

62

30

8

t

a to t

RA-14-23

sandstone

99

1

a

a

t

RA-14-26

sandstone

90

2

8

a

t

RA-14-28

sandstone

98

1

1

a

t

RA-14-29

siltstone

84

10

5

1

t

RA-14-33

siltstone

88

10

2

t

t

RA-14-39

sandstone

91

2

7

a to t

t

RA-14-46

sandstone

98

2

a

t

t

RA-14-49

sandstone

97

1

1

1

t

RA-14-50

sandstone

97

2

1

a

t

RA-14-51

sandstone

99

1

a

a

t

RA-14-52

sandstone

97

1

2

a

t

RA-14-53

siltstone

73

10

17

t

a to t

RA-14-54

siltstone

87

8

5

t

t

RA-14-55

sandstone

89

3

8

a

t

RA-14-61

sandstone

99

1

a

a

t

RA-14-63

siltstone

92

8

a

t

t

RA-14-66

sandstone

96

4

a

a

t

RA-14-69

sandstone

98

2

a

a

t

RA-14-72A

sandstone

96

2

2

a

a to t

RA-14-74

sandstone

93

1

a

6

t

RA-14-85

sandstone

96

2

2

a

t

a=absent, t=trace
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Table 4.5: Whole-rock oxygen isotope compositions of the Bar River samples.
Sample
Number

Sample Descriptions

δ18O VSMOW
‰

RA-14-01

Medium Grained, White, Planar Laminated sandstone with Mudcracks on top

+11.1

RA-14-07

Brown siltstone

+11.0

RA-14-10

Medium Grained quartz arenite sandstone, with purple conglomeratic pebbles, Purple, planar laminated

+11.3

RA-14-11

Medium or fine grained Purple quartz arenite sandstone

+11.6

RA-14-14

Medium grained white sandstone with granules in foreset

+11.8

RA-14-20

Fine or very fine grained pink subarkosic sandstone, mudcracks on top, planar to wavy laminated

+10.7

RA-14-21A

Green mudstone or siltstone

+9.1

RA-14-23

Very coarse grained purple to pink quartz arenite sandstone

+13.0

RA-14-26

Medium to Fine Grained subarkosic sandstone, White to Grey, Planar laminated

+11.6

RA-14-28

Very fine grained, White sandstone, Thin Sample

+9.9

RA-14-29

Green, Wavy Laminated siltstone/mudstone

+9.3

RA-14-33

Green, Planar to Wavy Laminated siltstone/mudstone

+10.3

RA-14-39

Medium to Fine Grained, Purple, Planar to Wavy Laminated subarkosic sandstone

+10.4

RA-14-46

Primarily medium to fine grained quartz arenite sandstone with a few coarse grained quartz, green and purple/pink sandstone, mudcracks above
and below, wavy laminated

+10.1

RA-14-49

Medium or fine grained quartz arenite, Purple Bands (Dark and Light Purple banding), Mudcracks on top

+10.5
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Table 4.5 (continued): Whole-rock oxygen isotope compositions of the Bar River samples.
Sample
Number

Sample Descriptions

δ18O VSMOW
‰

RA-14-50

Medium or fine grained, planar laminated, green to purple quartz arenite sandstone

+10.9

RA-14-51

White cross-bedded pebbly granulestone

+11.8

RA-14-52

Medium to very fine grained quartz arenite sandstone, White to Purple. Planar on top Cross-Bedded below

+10.6

RA-14-53

Green mudstone or siltstone

+9.1

RA-14-54

Green mudstone or siltstone

+9.0

RA-14-55

Fine Grained, Brown to Purple, Rippled (Planar) laminated subarkosic sandstone

+11.0

RA-14-61

Medium grained sand to coarse silt sized quartz arenite sandstone, White, recrystallized quartz present on and possibly within sandstone

+12.2

RA-14-63

Medium grained sand to coarse silt sized, quartz grewacke, Green to Purple, Wavy Laminated

+10.4

RA-14-66

Medium to Fine Grained quartz arenite sandstone, Purple, planar laminated, weathered green top, few mud units at base

+9.8

RA-14-69

Coarse or Fine grained, White quartz arenite sandstone, Planar laminated, banded

+10.6

RA-14-72A

Medium to fine grained quartz arenite sandstone with a few coarse grains, Green, with green patches and smaller orange patches, Planar
laminated

+10.3

RA-14-74

Mainly Fine-grained, Purple and White Banded quartz arenite sandstone, Hematite present, Planar above and below, Cross-Bedded in the
middle

+10.0

RA-14-85

Fine grained, Pink to Purple quartz arenite or sub-arkosic sandstone, red mudcracks on top, Planar laminated

+10.8
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Figure 4.11: Whole-rock δ18O versus abundance (weighted peak height %) of: (A)
Quartz , (B) Phyllosilicate, (C) K-Feldspar, and (D) Hematite.

103

Table 4.6: Oxygen isotope results for individual pebbles extracted from sample RA14-51.
Sample Number

Sample Descriptions

δ18O VSMOW ‰

RA-51-A

quartz/chert pebble derived from white cross-bedded pebbly granulestone

+9.4

RA-51-B

quartz/chert pebble derived from white cross-bedded pebbly granulestone

+12.6

RA-51-C

quartz/chert pebble derived from white cross-bedded pebbly granulestone

+10.5

RA-51-D

quartz/chert pebble derived from white cross-bedded pebbly granulestone

+8.6

RA-51-E

quartz/chert pebble derived from white cross-bedded pebbly granulestone

+2.5

RA-51-F

quartz/chert pebble derived from white cross-bedded pebbly granulestone

+8.4

RA-51-G

quartz/chert pebble derived from white cross-bedded pebbly granulestone

+9.1

RA-51-H

quartz/chert pebble derived from white cross-bedded pebbly granulestone

+12.1
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Chapter 5

5

Discussion

5.1

Paleogeography

Various interpretations have been put forth to explain the tectonic settings in which the
Huronian sediments were deposited, as discussed in Chapter 2. Most authors suggest
either a passive margin (Bennett et al., 1991; Hoffman, 2013) or rift basin/pull apart
basin-passive margin setting (Long and Lloyd, 1983; Young and Nesbitt, 1985; Young,
2014). Although the timing of the rift to drift transition has been debated, there is general
consensus that the Upper Huronian succession, consisting of the Cobalt and Flack Lake
groups, was deposited in a south to southeast-facing passive margin setting (Long and
Lloyd, 1983; Young and Nesbitt, 1985; Chandler, 1986; Rust and Shields, 1987; Young,
2014).
Previous interpretations of the depositional environment of the Bar River Formation have
been based on its association with the underlying Gordon Lake and Lorrain formations
(Wood, 1973; Chandler, 1984, 1986; Rust and Shields, 1987). In general, the Lorrain
Formation is considered a product of fluvial deposition on a broad alluvial plain as
climatic conditions warmed following deposition of the glaciogenic Gowganda
Formation (Wood, 1973; Lowey, 1985; Chandler, 1986). This conclusion is based on the
textural and mineralogical immaturity, and unidirectional paleocurrent patterns
determined from the Lorrain Formation (Wood, 1973; Lowey, 1985; Chandler, 1986).
The Gordon Lake Formation was interpreted by Wood (1973) as being deposited in a
tidal flat setting. His conclusion was based on the presence of hematite ooliths, gypsum
and anhydrite nodules, and desiccation features. Chandler (1986), however, suggested
that the features observed by Wood (1973) characterize only the lower part of the Gordon
Lake Formation and that the remainder of it was deposited along a deep marine shelf
affected by storm events. This conclusion was based on the identification of storm cycles
in the sedimentary succession near Flack Lake.

105

The Bar River Formation was interpreted by Wood (1973) to represent a beach deposit
subjected to aeolian influence, based on the presence of sharply truncating cross-bedded
sandstones, and the presence of ripple marks and desiccation features in the siltstones.
Chandler (1986), however, suggested that the Bar River Formation is a shallow marine
deposit, based on its textural and mineralogical maturity, evidence of reversing currents,
and desiccation features suggesting periodic emergence. Chandler (1986) concluded that
the transition from the Lorrain and Gordon Lake formations represents a marine
transgression whereas the Bar River Formation records a partial regression. Rust and
Shields (1987) further suggested that the Lorrain, Gordon Lake, and Bar River formations
were deposited contemporaneously and that the Bar River Formation represents a
shoaling sand body separated from the fluvial sands of the Lorrain Formation by the
lagoonal deposits of the Gordon Lake Formation. This conclusion was based on evidence
supporting reversing tides in the Bar River Formation deposits, which would necessitate
the presence of water on either side of the sand body.

5.2

Depositional Model

As discussed in Chapter 3, field and petrographic analysis of the Bar River Formation
outcrops at Flack Lake allow for the identification of eight lithofacies: (1) Quartz arenite
breccia (QAB), (2) Planar and cross-bedded sandstone (PCBS), (3) Siltstone/mudstone
(SM), (4) Overturned, cross-bedded sandstone (OCBS), (5) Tangential cross-bedded,
pebbly granulestone (TCBPG), (6) Planar and cross-bedded sandstone with siltstone
interbeds (PCBSMI), (7) Pebbly, cross-bedded, pink to purple sandstone (PCBPPS), and
(8) Large-scale, cross-bedded sandstone (LSCBS). The associations of these lithofacies
enabled the interpretation of depositional processes and environments.
Unfortunately, the absence of a complete vertical succession of the Bar River Formation
at Flack Lake limits a detailed paleo-environmental reconstruction; however some broad
generalizations can be made. Tidal influence is strongly supported by the complex
bimodal, trimodal and polymodal paleocurrent patterns, which are reminiscent of
deposition in coastal rather than fluvial settings (George, 1994). The SSE and NE
directed paleocurrent trends are roughly perpendicular to the inferred south/south-east
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facing shoreline for the upper Huronian formations, which possibly indicates the
direction of ebb- and flood- tidal flow, respectively. Vertical changes in grain size, bed
thickness and cross-bed orientation and type may reflect the effect of decelerating tidal
flow velocities or the shifting locus of deep and shallow tidal water flows (Dalrymple et
al., 1990; Richards, 1994).
The contact between the Bar River Formation and the underlying Gordon Lake
Formation at Flack Lake is obscured by the presence of a Nipissing diabase sill. The
contact between the two formations at Baie Fine, in the Cobalt embayment and along
Highway 546 is gradational, wherein quartz arenite and mudstone/siltstone couplets give
way to thick quartz arenite units that either lack or have very thin mudstone/siltstone
partings (Card, 1978; Rust and Shields, 1986; Corcoran, personal communication, 2015).
The Gordon Lake Formation along Highway 639 is characterized by the presence of
abundant lenticular, flaser and wavy bedding, interference wave ripples on bedding
surfaces, mud rip-up clasts, desiccation cracks, and cracks identified as Microbially
Induced Sedimentary Structures (MISS) (Hill and Corcoran, 2015). The MISS identified
in the Gordon Lake Formation include mat-destruction features (sand cracks, microbial
mat chips, microbial sand and silt chips, and torn mat fragments) and mat-decay features
(gas domes) (Hill and Corcoran, 2015). These structures indicate fluctuating water levels,
periodic subaerial exposure, and episodes of reworking. Microbial shrinkage and sand
cracks are typically found in the intertidal and lower supratidal zones (Eriksson et al.,
2007a). In addition, the presence of gas domes further implies deposition in an intertidal
zone (Dornbos et al., 2007). The association of lenticular, flaser and wavy bedding, with
interference wave ripples, mud rip-up clasts and MISS, thus implies that the Gordon Lake
Formation was deposited in very shallow water and represents the deposits of an
intertidal mud flat.
The presence of the QAB, desiccation cracks/MISS, and wave ripples in the lower part of
the Bar River Formation imply shallow water deposition with periodic subaerial exposure
and that this unit was potentially deposited in intertidal- to shallow subtidal conditions
(Nilson, 1965; Driese et al., 1981). The lower, medium- to coarse-grained PCBS found
along Highway 639, displays opposing crossbed sets that lack evidence of subaerial
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exposure. Although these sandstones do show evidence of current reversals, they are by
no means diagnostic of tidal deposition (Middleton, 1991). These sandstones are capped
by the green siltstone/mudstone of the SM lithofacies. Major channel bounding
siltstones/mudstones have been described by Richards (1994) from a transgressive
estuarine complex at Barles, France and these reflect a low energy of deposition
(Richards, 1994). Channelized sandstone of the overlying OCBS suggests that low
energy conditions alternated with periods of coarser sediment influx (Richards, 1994).
The presence of parallel laminations and the absence of desiccation features suggest
deposition in subtidal conditions that compares favourably with submerged channel
deposits described from macrotidal estuaries like the Rhine-Meuse-Scheldt and Cobequid
Bay-Salmon river systems (Oomkens and Terwindt, 1960; Dalrymple et al; 1990, 1992)
The OCBS shares a sharp contact with the underlying, green siltstone/mudstone of the
SM. Although clear channel geometry was not observed, the erosive based form, absence
of features indicative of desiccation and the slight fining-upward character of this
lithofacies is suggestive of deposition within a subtidal channel system (Allen, 1970;
Richards, 1994). The OCBS primarily contains overturned, ebb-oriented bedforms. In
tidal settings, such ebb-oriented bedforms have been reported from the lower parts of
tidal inlets associated with barrier bars in mesotidal coastlines (e.g. Kumar and Sanders,
1974; Barwis and Makurath, 1978; Hobday and Tankard, 1978; George, 1994) and also
from central tidal channels associated with macrotidal coastlines/estuaries (e.g.
Dalrymple et al., 1990). Hobday and Tankard (1978) attributed the formation of
overturned cross-beds associated with large tidal channels in the Penninsula Formation in
South Africa, to storm surge ebb currents that augmented rip flow. A lack of stormrelated deposits in the Bar River Formation discounts such an interpretation. Although
the ebb-directed bedforms were probably deposited in tidal channels, the overturned
crossbeds could possibly be associated with episodic seismic activity related to the
nearby Flack Lake Fault. This could explain their recurrence at multiple levels within the
lithofacies (e.g. Allen et al., 1972).
The TCBPG also shares a sharp-based, erosive contact with the underlying OCBS/PCBS,
and like the OCBS. This erosive basal contact, a channel geometry and absence of
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desiccation features imply deposition in a subtidal channel setting similar to the OCBS.
Such coarse-grained crossbedded units have been described from deep portions of tidal
inlet deposits both in modern and ancient tidal inlet successions (e.g. Kumar and Sanders,
1974; Hayes, 1980; Hobday and Tankard, 1978; Eriksson et al., 1981; George, 1994;
Komar, 1996). They have also been described from marginal tidal channels associated
with tidal sand bars within macrotidal estuaries like the Cobequid Bay-Salmon River
estuary (Dalrymple et al, 1992). Thus, the vertical stacking of the OCBS and TCBPG
potentially indicates the lateral migration and vertical stacking of tidally influenced
channels.
Although the section immediately above the TCBPG is missing, the next major section
consists primarily of the PCBSSI. This lithofacies is characterised by the presence of
opposing crossbed bedsets, herringbone cross-stratification, mudstone/siltstone drapes
between bedding surfaces, abundant desiccation cracks, and MISS, which points to a
subtidal setting with periodic subaerial exposure (Klein, 1977; Visser, 1980; Nio and
Yang, 1991). The absence of mudstone drapes along foresets could be attributed to their
removal by both the dominant and subordinate current following slack water periods
(Visser, 1980). The absence of reactivation surfaces could possibly be attributed to
symmetrical flow patterns in which ebb- and flood-tidal durations and velocities were
equal (Allen, 1980). The PCBSSI was probably deposited as intertidal sand shoals in a
protected embayment (Klein, 1970, 1977; Dalrymple et al; 1990, 1992), as it lacks
sedimentary structures that imply deposition in a beach (cf. Hunter et al., 1979) or barrier
bar setting (cf. Kumar and Sanders, 1974). The purple siltstone/mudstone of the SM
could be interpreted in the same manner as the earlier green siltstone/mudstone, however,
its limited exposure and the absence of a clear contact with both the underlying and
overlying units, make its interpretation more speculative. The overlying PCBPSS is
characterized by the presence of rip-up clasts at the base and along crossbed foresets. The
interference ripples, desiccation cracks and MISS within this lithofacies is diagnostic of
intertidal settings (Terwindt, 1988).
The pink and hematite-stained PCBS, which overlies the PCBPPS, shares many
characteristics of the PCBSSI and differs only in the paucity of mudstone and siltstone
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interbeds/drapes. Minor mudstone drapes were observed in the hematite-stained PCBS,
but only near the top of the lithofacies. This lithofacies is interpreted to have been
deposited in either a shallow subtidal setting or as an intertidal sand shoal, similar to the
PCBSSI (Klein, 1970, 1977; Dalrymple et al; 1990, 1992). The presence of iron laminae
and pyrite patches support deposition in a microbially-influenced, shallow marine
environment with relatively high sedimentation rates (Gerdes et al., 1985).
The uppermost LSCBS could be described as a deep tidal inlet channel deposit, swash
bar deposit or a tidal channel bar deposit associated with a tidal inlet/barrier bar setting
(Kumar and Sanders, 1974; Hayes, 1980; George, 1994, Willis, 2005). Alternatively, the
large-scale cross-beds could be interpreted as having formed in sub-tidal channels
associated with tide-dominated estuaries (Rahmani, 1988; Dalrymple et al., 1992;
Richards, 1994). Unfortunately, the isolated outcrop of the LSCBS makes its
interpretation speculative at best.
The Bar River Formation is therefore interpreted to have been deposited in tidal channels
and associated subtidal to intertidal shoals. Tidal ranges < 3-4 m favour the deposition of
sand on or adjacent to barrier bars, and associated tidal inlets and tidal deltas, with finer
grained sediments being deposited in adjacent lagoons or as back-barrier deposits (Hayes
and Kana, 1976). Beach washover and storm deposits, which are characteristic of
mesotidal shorelines (tidal range: 2-4 m) (e.g. Kumar and Sanders, 1974; Barwis and
Makurath, 1978; Hobday and Tankard, 1978; George, 1994) were not recognized within
the Bar River Formation. Although some features are characteristic of tidal inlet
deposition, the majority of the Bar River Formation is consistent with deposition in
subtidal to intertidal settings. The underlying fine-grained, Gordon Lake Formation
exhibits wave influence, indicating that the intertidal flats were exposed to waves from
the open ocean (Hiscott, 1982). The association of subtidal sand shoals and tidal channel
deposits with intertidal mudflats is common in modern macrotidal coastlines with tidal
ranges exceeding 4 m (Hayes and Kana, 1976; Dalrymple et al; 1992). Thus, the overall
lithofacies associations of the Bar River Formation and their relationship with the
underlying Gordon Lake Formation strongly favours deposition in a transgressive
macrotidal setting. Tidal ranges exceeding 4 m would require deposition either adjacent
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to broad shelves or in a coastal embayments where the geometry favours wave
amplification, or in a macrotidal estuarine setting (Klein, 1977; Dalrymple et al., 1992;
Hiscott, 1982). Lithofacies associations and inferred depositional settings similar to the
Bar River Formation have been described from both ancient (Lower Triassic of Barles,
France: Richards, 1994; Cambrian Random Formation, Canda: Hiscott, 1982) and
modern (Gironde estuary, France: Allen and Posamentier, 1993; Cobequid Bay - Salmon
River estuarine system, Canada: Dalrymple et al; 1990, 1992) macrotidal settings.
The interpreted depositional model for the Bar River Formation is illustrated in Figure
5.1, and can be described as follows: 1) the formation of an incised valley system results
from fluvial incision in response to sea level fall, 2) subsequent rise in sea level results in
flooding of the coastline/incised valley, and development of marine tidal sandbars,
associated tidal channels, tidal flat and bay head delta towards the continent; the subtidal
to intertidal shoals and tidal channels migrated laterally, resulting in thickening of the
estuarine sediment pile, 3) continued transgression led to onlapping of the Bar River
Formation deposits over the Gordon Lake Formation tidal flat deposits. The Bar River
Formation at Flack Lake thus represents the infilling of a funnel-shaped coastal
embayment/estuary, which supports deposition along a macrotidal coast with a high tidal
range (> 4m).
As the Bar River Formation is the product of deposition along a macrotidal coastline,
tidal action plays a very important role in its deposition. The combination of waves and
tides alter the composition of sandstones by removing the least resistant fractions, such as
feldspars and lithic fragments, by abrasion (McBride et al., 1996; Corcoran et al., 1998).
Sandstones composed primarily of quartz in the detrital fraction combined with the high
degree of rounding and sorting of the quartz grains highlights the important role played
by wave and tidal reworking in controlling the composition of the Bar River sandstones.
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Figure 5.1: Static depositional model for the Bar River Formation (3) at Flack Lake
and its association with the underlying Gordon Lake (2) and Lorrain formations (1).
The Bar River Formation represents deposition primarily in tidal channels and
subtidal to intertidal shoals of a macrotidal estuarine complex overlying the
intertidal flat deposits of the Gordon Lake Formation. Modified from Hiscott
(1982).

5.3

Oxygen Isotope Geochemistry

Many authors have demonstrated that irrespective of grain size, detrital quartz is resistant
to oxygen isotopic exchange even under conditions of extreme chemical weathering and
low-grade metamorphism (Clayton et al., 1978; Savin and Epstein, 1970a). Oxygen
isotopic exchange between quartz and water is sluggish at temperatures below 100 ºC
(Kawabe, 1978) and oxygen diffusion data suggests that minimal oxygen isotopic
exchange occurs between adjacent quartz grains at temperatures of <500ºC (Gilleti and
Yund, 1984). Detrital quartz grains and pebbles are therefore expected to retain the δ18O
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values of the source rocks from which they were derived (Vennemann et al., 1992, 1995).
Authigenic quartz, which may form as overgrowths on detrital grains, typically has
higher δ18O values than detrital quartz. This enrichment in

18

O occurs because the

overgrowths form at lower temperatures, and at such temperatures, the silica-water
oxygen isotope fractionation is large and positive (e.g. Longstaffe, 1983; Harwood et al.,
2013).
Petrographic studies indicate that the Bar River samples on average are made up of 89%
detrital fraction, 6% cement and 5% matrix. The major detrital component in each sample
is quartz and constitutes over 90% of the detrital fraction in most samples. The observed
bulk δ18O values of the Bar River samples are thus primarily an average of δ18O values of
detrital quartz derived from different sources with minor contributions from other detrital
grains, cement and matrix.
The positive correlation between quartz/silica content and δ18O values for the Bar River
samples indicates that as quartz content increases within the sample, so does its δ18O
value. Quartz exhibits the highest δ18O value of all igneous rock forming minerals, which
is primarily related to crystal chemistry wherein the greater the number of Si-O-Si bonds
in an igneous mineral, the greater its δ18O value (Taylor and Epstein, 1962a, 1962b). This
is because oxygen at the Si-O-Si site is firmly bonded, whereas oxygen at the Si-O-Al,
Si-O-Fe, and Si-O-Mg sites is weakly bonded (Taylor and Epstein, 1962b). Under
conditions of oxygen isotopic equilibrium at magmatic temperatures, the oxygen at the
Si-O-Si site is enriched by 2 and 4‰ compared to the oxygen at the Si-O-Al, and Si-OFe/Si-O-Mg sites respectively (Taylor and Epstein, 1962b). Mafic minerals that
crystallize early (more Si-O-Fe and Si-O-Mg bonds) will have relatively low

18

O/16O

values, which will result in an 18O enrichment of the residual magma (Taylor and Epstein,
1962a, 1962b). Minerals that crystallize later will have higher δ18O values with quartz
having the highest value (only Si-O-Si bonds) (Taylor and Epstein, 1962a, 1962b).
Igneous rocks of the Archean granitoid terrain are expected to be the original sources of
the Bar River sediments, and therefore, as the percentage of quartz in the detrital fraction
and thus silica in the whole rock increases, its δ18O value is also expected to increase
(Longstaffe and Schwartz, 1977; Longstaffe, personal communication, 2015). Elevated
113

detrital quartz percentages can be attributed to recycling of older Huronian Supergroup
deposits that were originally derived from the Archean granitoid terrains. The δ18O value
of detrital quartz can be further enhanced by the addition of a layer of low temperature
silica overgrowth, as a result of the time spent during recycling in a supracrustal
environment (Longstaffe and Schwartz, 1977, Longstaffe, personal communication,
2015). The trend observed could be explained by detrital quartz enrichment resulting
from sedimentary recycling. Silica cement may also enhance the δ18O value of the whole
rock samples, but it was not separated from detrital quartz, and thus its contribution to the
whole rock δ18O value could not be ascertained.
The δ18O values of the samples were also affected by the phyllosilicate content. Clay
minerals in clastic sedimentary rocks can be derived from three main sources: (1) detrital
grains, wherein they retain the original oxygen isotopic composition of the source rock;
(2) products of weathering of the original source rock (e.g. detrital clay minerals) wherein
they are usually enriched in 18O, and (3) minerals formed during authigenesis (Savin and
Epstein, 1970b; Longstaffe, 1983). Unlike quartz, which contains only Si-O-Si bonds,
phyllosilicates of igneous origin contain a mixture of Si-O-Si, Si-O-Al, Si-O-Fe and SiO-Mg bonds (Taylor and Epstein, 1962b). At igneous and metamorphic temperatures,
assuming isotopic equilibrium, phyllosilicates are thus expected to have lower δ18O than
quartz derived from the same parent magma (Taylor and Epstein, 1962b). The addition of
detrital phyllosilicates derived from igneous or meta-igneous rocks would serve to reduce
the whole rock δ18O value of a rock composed primarily of detrital quartz. Clay minerals
or phyllosilicates of weathering origin, by comparison, are expected to have high δ18O
values (Savin and Epstein, 1970b; Longstaffe, 1983) compared to detrital quartz, as they
are precipitated at low temperatures in isotopic equilibrium with water (Savin and
Epstein, 1970b; Longstaffe, 1983). Structural water within clays generally does not
undergo isotopic exchange with surrounding waters at temperatures typical of
sedimentary environments (O'Neil and Kharaka, 1976; Longstaffe, 1983). In fact, no
significant oxygen isotope exchange occurs at temperatures below 300ºC (O'Neil and
Kharaka, 1976) and this experimental result has been corroborated by observations in
natural systems (Yeh and Savin, 1976; Savin and Epstein, 1970b). Burial
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diagenesis/metamorphism, however, increases oxygen isotopic exchange between pore
waters and original clay minerals, with the finer sized clay fractions being affected more
at lower temperatures and shallower depths than coarser clay fragments (Yeh and Savin,
1977). The Bar River Formation has been affected by greenschist grade metamorphism
(Rust and Shields, 1987), which indicates that these rocks have been subjected to
temperatures exceeding 300ºC. Accordingly, any clays of weathering originally present
in the rocks will almost certainly have been recrystallized, and now carry signatures
associated with metamorphism.
Phyllosilicates of weathering origin would be expected to have high δ18O values and
therefore their abundance should correlate with higher bulk δ18O values in the Bar River
samples. The samples, however, display the opposite trend wherein bulk δ18O values
decrease with increasing phyllosilicate content. In other words, the phyllosilicates have
very low δ18O values. This strongly suggests that the phyllosilicates now present in the
samples are either (i) inherited from meta-igneous source rocks or (ii) the products of
greenschist facies metamorphism. Phyllosilicates produced during greenshcist facies
metamorphism in this system, by combination of their crystal chemistry and temperature
of formation, would also have low δ18O values (Hoefs, 2009). K-feldspar and hematite
constitute minor components of the Bar River Formation samples and their contribution
to δ18O values of the whole rock samples would be minimal.
In general, quartz pebbles and quartz sands display heterogeneity in their δ18O values
even within the same sample, and thus it has been suggested that this variation is
reflective of source lithology (Savin and Epstein, 1970a; Barton et al., 1992; Vennemann
et al., 1992, 1995). Figure 5.2 illustrates the δ18O values of quartz from common Archean
sources that are located proximal to the Huronian and Witwatersrand Supergroups and
the δ18O values of the bulk samples and individual pebbles of the Bar River Formation.
There is considerable overlap between the δ18O values measured for the Bar River
Formation and various Archean sources and therefore, the δ18O values of quartz alone
cannot serve to uniquely distinguish the source rocks from which the samples were
derived.
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The δ18O values of pebbles analysed from sample RA-14-51 range from +8.4‰ to
+12.6‰, with one exception whereas the δ18O values of the bulk samples range from
+9.0 to +13.1‰. These values are consistent with those reported from Archean granitoid
plutons and gneisses of the Superior Province (Longstaffe and Schwarz, 1977; Longstaffe
and Birk, 1981; Longstaffe et al., 1981; Longstaffe and Gower, 1983; Cerny et al., 1987)
and support the argument that erosion of the Archean rocks provided sediment that was
recycled and ultimately redeposited as the Bar River Formation. One pebble has an
extremely low δ18O value of +2.5‰. This value almost certainly indicates derivation
from a hydrothermal source, wherein the quartz formed at elevated temperatures in the
presence of low-18O fluids. Such contributions, however, are very minor, as indicated by
the relatively high bulk δ18O values of the Bar River samples.
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Figure 5.2: Compilation of range and mean δ18O values for quartz from Archean
granitoid rocks and associated pegmatites, metavolcanic rocks, paragneisses,
metasandstones, quartzites, mineralized hydrothermal veins, cherts, Lorrain
Formation and Bar River Formation. Modified after Vennemann et al. (1995).
Quartz δ18O values for metasedimentary and metavolcanic rocks have been
estimated by adding 1 and 1.5 ‰, respectively, to published whole-rock oxygen
isotopic data (Vennemann et al., 1995). Sources: Granitoid rocks, pegmatites and
mineralized hydrothermal veins (Vennemann et al., 1992 and references therein;
Longstaffe,

1982);

paragneisses,

metavolcanic

rocks

and

metasandstones

(Longstaffe and Schwarz, 1977; Longstaffe, 1979; Longstaffe et al., 1981; Longstaffe
and Gower, 1983; Shieh and Schwarz, 1977); quartzites (Barton et al., 1992); cherts
(Knauth and Lowe, 1978; Vennemann et al., 1995); Lorrain Formation (Vennemann
et al., 1995) and Bar River Formation (this study).

5.4

Provenance

Interpretations of potential source rocks for the Bar River Formation are based on the
composition of the underlying rock types, as well as sandstone mineralogy and whole
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rock geochemistry. The Bar River Formation is primarily composed of fine- and
medium-grained sandstone and pebbly granulestone units. Intervening siltstone and
mudstone units are rare. Sandstones of this formation contain abundant quartz in the
detrital fraction (87-100%), which strongly indicates a possible felsic plutonic or volcanic
provenance and/or derivation from older quartzose sedimentary units (Corcoran et al.,
2013). The extremely low Qp/Q ratio of the Bar River sandstones (0-0.05) indicates that
they are the products of prolonged transport on low-gradient continental surfaces and
represent mature sedimentary deposits (Heins, 1995). This is further corroborated by the
textural and mineralogical maturity of the samples, which display a high degree sorting,
combined with well rounded grains and minimal matrix.
The lithic fragments are mainly composed of quartz arenite and mudstone, and minor
gneiss. The predominance of sedimentary lithic fragments points strongly to derivation
from older sedimentary rocks. In addition, the mineralogical and textural maturity of the
rocks, combined with the geochemical evidence for sediment recycling (Figure 4.7),
lends further credence to derivation from an older quartz-rich sedimentary rock. Point
counting data for the Bar River Formation sandstones plot within the craton interior
provenance field on the QFL diagram (Figure 3.19 B). This implies that the sands were
derived from a stable continental craton and were recycled from platform successions
deposited on a passive continental margin (Dickinson and Suczek, 1979; Dickinson,
1985). Paleocurrent analysis of the Bar River sandstones reveals an overall polymodal
trend. The strongest mode points to the SSE, with subordinate trends pointing to the ESE
and NE. The lack of NW-directed paleocurrents and a mean paleocurrent vector pointing
to the SE also indicates that the source of the Bar River Formation lies northwest of the
Flack Lake area. The older sandstones of the Huronian Supergroup that are exposed in
the Flack Lake/Elliot Lake area could have been sources for the Bar River Formation.
These include the Matinenda, Mississagi, Serpent and Lorrain formations. However, the
only formation exposed north of the study area is the Lorrain Formation. Alternatively,
Archean granitoids and gneiss NW of the study area could have also contributed detritus
to the sedimentary pile.
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LREE enriched patterns (La/Ybn = 2.8 to 38.8) displayed by the samples are typical of
felsic igneous rocks and may reflect a primary felsic source (Taylor and McLennan,
1985; McLennan et al., 1979; McLennan and Taylor, 1991). Values of Eu/Eu* range
from around 0.64-1.0; 0.65 is the typical value of the present day upper continental crust
(Taylor and McLennan, 1985; McLennan and Taylor, 1991). The Eu anomalies can be
attributed to source material that was derived from old recycled upper crust and/or
underwent intracrustal differentiation resulting from plagioclase fractionation (McLennan
and Taylor, 1991).
Analysis of REE patterns of fine-grained Huronian rocks carried out by McLennan et al.
(1979) revealed that the lower Huronian formations (McKim and Pecors formations)
displayed REE patterns similar to those of Archean sedimentary rocks (steep REE
pattern, no negative Eu anomaly), whereas the upper Huronian formations (Lorrain and
Gordon Lake formations), display REE patterns characteristic of post Archean
sedimentary rocks (flat HREE, negative Eu anomaly). This has been attributed to the
rapid evolution of the upper crust as a result of the intrusion of K-rich granites at the end
of the Archean (McLennan et al., 1979; Taylor and McLennan, 1985). The REE patterns
of the lower Huronian formations are thus characteristic of derivation from greenstone
and Na-rich granitic rocks, with the exception of a slight negative Eu anomaly
(McLennan et al., 1979), whereas the upper Huronian formations reflect derivation
primarily from K-rich granites following erosion of cratonic areas and increased exposure
of the K-rich granites (McLennan et al., 1979). The majority of the REE patterns
displayed by the Bar River samples are similar to those determined from the Lorrain
Formation (or K-rich granites), wherein they display slight LREE enrichment, flat to
slightly enriched HREE patterns and a negative Eu anomaly (McLennan et al., 1979).
The elevated δ18O values of the Bar River samples compared to those from Archean
granitoid rocks indicate that sediments of the Bar River Formation were the products of
sediment recycling (Figure 5.2) (Longstaffe and Schwartz, 1977; Longstaffe, 1979;
Venneman et al, 1992; Longstaffe et al., 1981; Longstaffe and Gower, 1983). The
elevated δ18O values suggest that further

18

O enrichment was brought about by silica

addition during supracrustal processes and reflects a substantial sediment residence time.
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The silica addition may have resulted from the introduction of detrital grains with
overgrowths from an older sedimentary cycle, or from precipitation of silica cement
within the formation. Petrography confirms the presence of silica cement and
overgrowths in many samples.

5.5

Significance of quartz enrichment, sediment recycling
and chemical weathering

Geochemical analysis of the Bar River Formation samples reveals abundant SiO 2. This
composition is consistent with the quartz-rich nature of the formation, which contains
quartz both in the detrital fraction, as silica cement and quartz overgrowths. This is
reflective of deposition in a stable basin setting with long residence times, derivation
primarily from a quartz-rich source, and enhanced sorting by wave action along a stable
shelf.
First-cycle sands are expected to contain poorly to moderately rounded grains, more
polycrystalline and undulatory quartz than monocrystalline varieties, some feldspar, and
poorly rounded heavy minerals, such as zircon and tourmaline (Pettijohn et al., 1972).
Multicycle sands, however, are expected to contain little to no feldspar, minor
polycrystalline and undulatory quartz, well rounded grains, and a heavy mineral suite
composed of ultrastable minerals (Pettijohn et al., 1972; Corcoran, 2005). The Bar River
Formation samples are well sorted, contain very little feldspar (average F= 2.3% of
detrital fraction) and polycrystalline grains, and contain well rounded grains, which
supports a multi-cycle origin. Zircon enrichment resulting from hydraulic sorting and
abrasion can be determined by comparing the Zr/Sc ratio, which is an index of sediment
recycling (McLennan et al., 1993), with the Th/Sc ratio, which is an indicator of igneous
differentiation (Taylor and McLennan, 1985). The plot of Zr/Sc versus Th/Sc (Figure 4.7)
indicates that the Bar River Formation samples plot along a trend involving Zr
enrichment, which is consistent with multiple episodes of recycling.
The CIA values calculated for the Bar River Formation (63-85) are consistent with those
previously reported by Nesbitt and Young (1982) and Rust and Shields (1987), and
indicate a moderate degree of source weathering. However, on the A-CN-K diagram
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(Figure 4.2), the samples plot on the A-K join, well below the expected weathering trend
of Average Archean Upper Crustal rocks. This strongly indicates that samples of the Bar
River Formation are enriched in K2O and have thus undergone K-fluid metasomatism
during diagenesis (Nesbitt and Young, 1989; Fedo et al., 1995). When corrected for
metasomatism, the pre-metasomatic CIA values for the majority of the samples range
from 89-100.
In summary, quartz enrichment in the Bar River Formation is attributed to a combination
of source rock composition, recycling, chemical weathering, reworking in a shallow
marine environment, and diagenesis. It is impossible to determine which factor played the
principal role in controlling the composition of the Bar River Formation based on the
results determined from this study.
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Chapter 6 - Conclusions

The primary aim of this project was to determine the provenance and depositional
environment of the Bar River Formation using detailed sedimentary lithofacies analysis,
petrography, and geochemistry. In addition, this study attempted to determine the major
factors controlling the quartz-rich composition of the Bar River Formation, which include
tectonic setting, provenance, chemical weathering, recycling, reworking, and diagenesis.
Eight lithofacies were identified in the Bar River Formation near Flack Lake: (1) Quartz
arenite breccia (QAB), (2) Planar and cross-bedded sandstone (PCBS), (3)
Siltstone/mudstone (SM), (4) Overturned, cross-bedded sandstone (OCBS), (5)
Tangential cross-bedded, pebbly granulestone (TCBPG), (6) Planar and cross-bedded
sandstone with siltstone interbeds (PCBSMI), (7) Pebbly, cross-bedded, pink to purple
sandstone (PCBPPS), and (8) Large-scale, cross-bedded sandstone (LSCBS). Lithofacies
associations enabled identification of tidal channel, and subtidal to intertidal shoal
deposits. These deposits, which overlie fine-grained intertidal deposits of the Gordon
Lake Formation, are common along macrotidal coasts, embayments and estuaries
characterized by tidal ranges exceeding 4 m. Sedimentary structures consistent with tidal
activity, periodic emergence and wave action, combined with polymodal paleocurrent
directions, and textural and mineralogical maturity, all point to deposition of the Bar
River Formation along a tide-dominated, stable shelf characterized by high tidal ranges.
Structures interpreted by previous workers as synaeresis cracks are microbially induced
sedimentary structures (MISS), referred to as sand cracks. Additional MISS identified
include microbial sand and silt chips, mat chips, pyrite patches and iron-rich laminae.
These features are consistent with microbial mat destruction and decay. This thesis is the
first to report MISS in the Bar River Formation.
Point count data for the Bar River Formation samples reveals a quartzose sedimentary
and/or felsic igneous source, based on the abundance of quartz and minor lithic fragments
composed mainly of sedimentary rock types. The QFL plot reveals that the Bar River
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Formation sandstones were derived originally from an interior craton source,
commensurate with erosion of the Archean granitoid and gneiss terranes exposed north of
the study area. Paleocurrent analysis reveals a polymodal trend with the vector mean
pointing to the SE. This result supports a SE-facing paleoslope, and points to derivation
of detritus from a source located to the NW.
Major and trace element results reveal that the samples are enriched in SiO2 and also
have relatively high Zr abundances. The localized presence of hematite cement in some
sandstone indicates a very minor mafic component. The Bar River Formation samples
plot primarily within the passive margin field on the tectonic discrimination plots.
Deposition in this tectonic setting is supported by well rounded grains and well sorted,
quartz-rich samples, which are typical of stable shelf deposits. However, samples from
the weathering profiles of the Toorongo granite and Otago schist were plotted on the
tectonic discrimination diagram, and the results revealed that weathered samples plot in
different fields compared to fresh samples, which calls into question the validity of these
plots for quartz-rich deposits.
Light REE-enriched patterns combined with a negative Eu anomaly determined for a
majority of the Bar River samples are characteristic of a felsic source rock (Na-rich
and/or K-rich granites). Comparison of the REE patterns with Average Archean Upper
Crustal (AAUC) rocks reveals six distinct REE patterns. Groups A and B are comparable
to AAUC rocks. Slight negative Eu anomalies displayed by Group B rocks indicate minor
contributions from a K-rich granitic source. Group C rocks are LREE enriched and
display flat HREE patterns with a strong negative Eu anomaly, consistent with a tonalitic
source with minor contributions from K-rich granite. The LREE enriched and HREE
depleted pattern of Group D samples is similar to that of K-rich granites or tonalites.
Group E samples display LREE enriched and flat HREE patterns with slight to no
negative Eu anomalies, which points to derivation from a Na-rich granitic source or a
tonalitic source. Group F samples display LREE and HREE depletions, and mid-REE
enrichments, similar to that observed for one of the tonalites of the Wabigoon province,
and a basaltic source of the Archean bimodal suite. Zirconium enrichment within the
samples is indicated on the plot of Th/Sc versus Zr/Sc, and suggests that the Bar River
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Formation is a product of multiple recycling episodes. This conclusion is supported by
petrographic observations wherein the sandstones exhibit a high degree of textural and
mineralogical maturity.
The Bar River Formation samples have undergone K-metasomatism, as indicated by their
trends on the A-CN-K plot of weathering. Corrected CIA values indicate a highly
weathered source rock.
Oxygen isotopic analysis of bulk samples and individual quartz pebbles reveals that the
δ18O values are consistent with derivation from an Archean felsic and/or quartzose
sedimentary source rock. Additionally, the whole-rock δ18O values show a positive
correlation with quartz and a negative correlation with phyllosilicate. The positive
correlation with quartz is attributed to increasing abundance of detrital quartz as a result
of sediment recycling in a supracrustal environment. Higher δ18O values compared to
those expected for the original igneous sources of the Archean granitoid terrain, indicate
silica addition as overgrowths and cement. The negative correlation with phyllosilicate
content indicates that the phyllosilicates were either derived from igneous/meta-igneous
sources or that recrystallization due to metamorphism has reset original δ18O values of
the phyllosilicates. The negative correlation also indicates that the phyllosilicates are not
products of low temperature weathering/diagenesis.
The results from lithofacies analysis, petrography and geochemistry of the Bar River
Formation near Flack Lake indicate that the composition of the deposits was controlled
by a combination of tectonic setting, chemical weathering, recycling, depositional
environment, and diagenesis.
The Bar River Formation and underlying Gordon Lake Formation are currently the
subjects of an investigation concerning microbially induced sedimentary structures (Hill
et al., in prep.). The results of the MISS study will help to further constrain the
paleodepositional subenvironments of the macrotidal estuarine system. Future
investigations should examine the contact relationship between the Bar River and Gordon
Lake formations in the Cobalt and Killarney areas where the contact is not obscured by a
diabase sill. A more regional study would shed light on the nature and extent of the
124

Paleoproterozoic estuarine system, which is an uncommonly preserved environment in
the ancient rock record.
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Appendices
Appendix A: Average major oxide compositions (wt% ± SD) obtained for standards
during XRF analysis of the Bar River samples.
Major
Oxides

NPD1

BHVO-2

SY-4

Measured

Measured

Recommended

(n=3)

Recommende
d value

(n=2)

value

13.8 ± 0.2

13.75±0.02

13.5±0.2

21.05±0.04

20.69±0.08

7.86±0.06

7.9 ± 0.2

11.32±0.03

11.4±0.2

7.915±0.003

8.05±0.04

Fe2O3 (wt%)

12.67±0.09

12.6 ± 0.2

12.48±0.02

12.3±0.2

6.265±0.007

6.21±0.03

K2O (wt%)

1.35±0.01

1.35 ± 0.02

0.53±0.01

0.52±0.01

1.625±0.007

1.66±0.02

MgO (wt%)

4.77±0.05

4.75 ± 0.07

7.36±0.02

7.23±0.12

0.56±0.00

0.54±0.01

MnO (wt%)

0.189±0.00
1

0.189 ± 0.003

0.1733±0.000
6

n.r.

0.110±0.001

0.108±0.001

Na2O (wt%)

2.70±0.03

2.65 ± 0.08

2.27±0.01

2.22±0.08

7.295±0.007

7.10±0.05

P2O5 (wt%)

0.125±0.00
3

0.128 ± 0.010

0.272±0.001

0.27±0.02

0.133±0.001

0.131±0.004

SiO2 (wt%)

53.6±0.6

54.2 ± 0.3

50.3±0.2

49.9±0.6

50.3±0.1

49.9±0.1

TiO2 (wt%)

1.13±0.01

1.14 ± 0.02

2.743±0.006

2.73±0.04

0.295±0.007

0.287±0.003

Measured
(n=2)

Recommende
d value

Al2O3 (wt%)

13.8±0.2

CaO (wt%)

n.r.= not reported
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Appendix B: Average reproducibility of major oxides (n=3) using XRF for duplicate
samples (RA-14-21, RA-14-51 and RA-14-74) of the Bar River Formation.
Major Oxides

±SD (wt%)

Al2O3

0.12

CaO

0.002

Fe2O3

0.01

K2O

0.03

MgO

0.005

MnO

0.001

Na2O

0.00

P2O5

0.00

SiO2

0.4

TiO2

0.005

LOI

0.06

Total

0.5
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Appendix C: Appendix C: Average trace element compositions (ppm ± SD) obtained
for standards during ICP-MS analysis of the Bar River samples.
Trace
Elements

Th (ppm)

Sc
(ppm)

Zr (ppm)

Standards
Measured (n=5)

2.5±0.1

31.6±2.7 174.4±9.8

MRB-29
Recommended value

2.69±0.18 33.2±3.1

176±15

Measured (n=3)

5.8±0.2

12.8±0.8 237.7±0.6

Recommended value

6.1±0.6

13±1

230±4

Measured (n=1)

1.1

32

177

Recommended value

1.2±0.3

32±1

172±11

Measured (n=1)

99.8

7

452

Recommended value

105±8

6.3±0.7

550±30

AGV-2

BHVO-2

GSP-2

167

Appendix D: Average rare earth element compositions (ppm ± SD) obtained for standards during ICP-MS analysis of the Bar
River samples.
Rare Earth
Element

MRB-29

AGV-2

Measured

BHVO-2

GSP-2

Measured

(n=5)

Recommended value

(n=3)

Recommended value

Measured (n=1)

Recommended value

Measured (n=1)

Recommended value

La (ppm)

21.3±1.1

22.3±1.8

37±2

38±1

15.1

15±1

182.1

180±12

Ce (ppm)

47.3±2.8

50.3±4.2

66±4

68±3

36.4

38±2

427.7

410±30

Pr (ppm)

6.35±0.26

6.59±0.57

8.0±0.4

8.3±0.6

5.3

n.r.

55.3

51±5

Nd (ppm)

27.6±1.4

28.9±2.4

30±1

30±2

24.8

25±1.8

206.3

200±12

Sm (ppm)

6.06±0.30

6.40 ± 0.57

5.5±0.2

5.7±0.3

6.1

6.2±0.4

25.9

27±1

Eu (ppm)

1.86±0.10

1.90 ± 0.16

1.5±0.1

1.4±0.1

2.0

n.r.

2.3

2.3±0.1

Gd (ppm)

5.90±0.31

6.07 ± 0.50

4.49±0.25

4.69±0.26

6.3

6.3±0.2

12.1

12±2

Tb (ppm)

0.857±0.047

0.929 ± 0.082

0.64±0.02

0.64±0.04

0.9

0.9

1.2

n.r.

Dy (ppm)

5.14±0.25

5.33 ± 0.46

3.5±0.1

3.6±0.2

5.3

n.r.

5.8

6.1

Ho (ppm)

0.992±0.045

1.052 ± 0.089

0.65±0.03

0.71±0.08

1.0

1.04±0.04

0.9

1.0±0.1

Er (ppm)

2.75±0.13

2.72 ± 0.24

1.77±0.07

1.79±0.11

2.6

n.r.

2.3

2.2

Tm (ppm)

0.375±0.018

0.408 ± 0.038

0.25±0.01

0.26±0.02

0.3

n.r.

0.3

0.29±0.02

Yb (ppm)

2.36±0.12

2.50 ± 0.22

1.59±0.06

1.6±0.2

2.0

2.0±0.2

1.6

1.6±0.2

Lu (ppm)

0.346±0.020

0.375 ± 0.034

0.24±0.01

0.25±0.01

0.3

0.28±0.01

0.2

0.23±0.03
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Appendix E: Average reproducibility of rare earth elements (n=2) using ICP-MS for
duplicate samples (RA-14-33 and RA-14-69) of the Bar River Formation.
Rare Earth Elements

±SD (ppm)

La

0.62

Ce

1.00

Pr

0.10

Nd

0.13

Sm

0.08

Eu

0.02

Gd

0.01

Tb

0.01

Dy

0.04

Ho

0.02

Er

0.01

Tm

0.003

Yb

0.05

Lu

0.002
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